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SUMMARY 

The  effect  of  particle  and  electromagnetic  radiation  on 
HEMTs  has  been  investigated.  The  particle  irradiation  consis¬ 
ted  of  He  ions  and  neutrons  while  the  electromagnetic  one 
consisted  of  Co60  gamma  rays.  Total  radiation  doses  in  the 
case  of  He  ions  was  lO^^cm"^,  in  the  case  of  neutrons  was 
10^® cm" 2  and  in  the  case  of  gamma  rays  was  3x10’ rads.  The  in¬ 
vestigation  included  HEMT  with  conventional  structures  as  al¬ 
so  structures  which  included  an  AlGaAs  buffer  layer  or  a  low 
temperature  grown  AlGaAs  donor  layer.  The  present  study 
showed  that  the  introduction  of  an  AlGaAs  buffer  does  not  im¬ 
prove  considerably  the  device  radiation  hardness.  In  contrast 
it  was  found  that  the  use  of  a  low  temperature  grown  AlGaAs 
donor  layer  enhances  significantly  the  HEMT  radiation  hard¬ 
ness.  Comparative  studies  including  MESFETs  have  shown  that 
HEMTs  are  more  radiation  hard.  Only  MBE  MESFETs  fabricated  on 
highly  doped  channels  whic  were  grown  on  LT  buffers  are  ra¬ 
diation  hard  as  HEMTs. 
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1 .  INTRODUCTION 

Radiation  generates  defects  in  the  crystal  lattice  by 
displacing  lattice  constituents,  thus  introducing  additional 
energy  states  in  the  energy  band  of  the  semiconducting  mate¬ 
rial.  These  defects  may  act  as  recombination  centers  which 
reduce  the  minority  carrier  lifetime.  On  the  other  hand,  the 
displacement  defects  do  introduce  additional  fixed  charges, 
which  have  the  same  effect  as  a  change  in  the  net  dopant  con¬ 
centration.  Therefore  the  semiconductor  material  always  beco¬ 
mes  more  intrinsic  as  a  result  of  radiation  damage.  Moreover, 
the  carrier  mobilities  are  reduced  due  to  scattering  by  the 
radiation  induced  defect  centers. 

The  AlGaAs/GaAs  high  electron  mobility  FET  (HEMT)  is  an 
important  component  for  applications  involving  high  speed  di¬ 
gital  and  microwave/millimeter  wave  integrated  circuits  for 
data  and  signal  processing  and  communication  systems.  These 
devices  have  demonstrated  higher  frequency,  lower  power  dis¬ 
sipation,  higher  gain,  and  lower  noise  over  the  GaAs  MESFETs. 
For  many  applications  in  environments  fraught  with  radiation 
hazards,  such  as  outer  space  and  nuclear  reactors,  HEMTs  must 
perform  satisfactorly .  Thus  the  understanding  of  the  perfor¬ 
mance  of  HEMTs  under  exposure  to  radiation  is  required.  HEMTs 
consist  of  many  layers  which  thickness,  composition  and  do¬ 
ping  level  must  be  precisely  controled  during  growth.  The 
introduction  of  charged  states,  in  addition  to  the  above  men¬ 
tioned  electrical  parameters,  decreases  the  band  bending  slo- 
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pe  of  the  barriers  between  the  various  layers.  This  results 
into  an  additional  source  of  degradation  of  the  2DEG  and 
hence  the  device  performance.  Considering  all  these  parame¬ 
ters  it  becomes  obvious  that  the  radiation  induced  degrada¬ 
tion  in  these  devices  is  a  composit  effect. 

A  significant  effort  was  payed  for  the  determination  of 
the  degradation  sources  in  the  device  structure.  The  result 
of  this  effort  was  the  publication  of  a  significant  number  of 
papers  dealing  with  different  nature  radiations  and  device 
structures,  including  also  microwave  monolithic  integrated 
circuits  (MMICs).  These  investigations  showed  that  under  ex¬ 
posure  to  neutron  [1,2]  or  gamma  [3,4]  radiation,  HEMTs  are 
susceptible  to  displacement  and  ionization  damage.  The  respo¬ 
nse  of  HEMTs  to  transient  ionizing  radiation  [5]  and  the  de¬ 
pendence  of  the  magnitude  of  induced,  persisting,  currents  on 
the  concentration  of  deep  traps  was  also  studied  in  [5].  Fi¬ 
nally  the  radiation  degradation  induced  by  heavy  ions,  such 
as  H,  He,  0  and  Si  was  investigated  and  the  threshold  dose 
for  significant  damage,  induced  by  each  ion  species,  was  de¬ 
termined  and  reported  in  [6].  In  all  previous  studies  the  ef¬ 
fort  was  concentrated,  mainly,  on  the  determination  of  the 
dependence  of  the  threshold  voltage  on  the  radiation  dose. 
Other  device  parameters  such  as  the  transconductance,  the 
drain  saturation  current,  the  noise  and  frequency  respone  we¬ 
re  also  considered.  Regarding  the  modeling  of  the  device  ge- 
gradation  that  has  been  introduced  relatively  recently  in  the 
literature  and  that  to  a  limited  scale.  A  comprehensive  work 
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on  the  dependence  of  the  threshold  voltage  on  the  radiation 
dose,  taking  into  account  the  carrier  removal  rate  in  the 
AlGaAs  layer  and  the  introduction  rate  of  electron  and  hole 
traps  in  the  GaAs  buffer  layer,  was  done  only  for  neutron 
irradiated  HEMTs  [1,2]. 

The  aim  of  the  present  project  is  to  obtain  a  better 
knowledge  on  the  radiation  effects  in  HEMTs.  This  is  achieved 
by  investigating  the  effect  of  various  radiations  in  these 
devices.  So  both  particle  and  electromagnetic  radiation  were 
employed.  The  particle  radiation  consisted  of  either  heavy 
ions  (He2+,  alpha  particles)  or  fast  neutrons  and  the  elec¬ 
tromagnetic  one  consisted  of  Co60  gamma  rays. 

In  the  present  project  the  irradiation  has  been  perfor¬ 
med  initially  on  GaAs  layers  with  different  doping  levels  in 
order  to  determine  the  traps  that  are  introduced  by  different 
kind  radiation,  the  traps  introduction  rate  and  relation  to 
the  background  doping.  This  was  necessary  in  order  to  obtain 
information  about  the  carrier  removal  rate  in  both  the  con¬ 
tact  and  buffer  layer  of  the  HEMTs.  AlGaAs/GaAs  hetero jun¬ 
ctions  have  been  irradiated  in  order  to  determine  the  carrier 
removal  rate  in  both  the  AlGaAs  layer  and  the  quantum  well. 
The  main  work  was  focused  on  HEMTs  part  of  which  were  commer- 
tially  available  while  the  others  have  been  fabricated  by 
lESL  FORTH  (Crete,  Greece).  So  devices  with  different  stru¬ 
ctures  were  irradiated  and  the  effect  of  radiation  on  the 
2DEG  carrier  concentration,  carrier  mobility  and  the  device 
characteristics  were  investigated  as  a  function  of  the  total 
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dose.  A  charge  control  model  has  been  applied  to  determine 
the  radiation  effects  in  the  various  layers.  Finally  some 
radiation  study  has  been  performed  on  MESFETs  in  order  to  co¬ 
mpare  their  performance  to  that  of  the  HEMTs. 


The  samples  used  in  the  present  work  were  GaAs  MBE 
layers,  AlGaAs/GaAs  hetero junctions  and  HEMTs.  In  addition  a 
few  MESFETs  have  been  assessed  simultaneously  with  the  HEMTs. 

The  GaAs  layers  were  grown  by  MBE  method  and  doped  with 
Si.  The  carrier  concentration  in  these  samples  varyed  from 
10^ 5  cm- 3  to  10^® cm- 3.  All  layers  were  grown  on  undoped  semi- 
insulating  substrates  so  all  contacts  were  made  on  the  epi- 
layer.  The  test  structures  were  simple  Au  Schottky  diodes  for 
the  samples  with  carrier  concntrations  lower  than  10^ ’em" 3 
and  MESFETs  for  those  with  carrier  concentrations  larger  than 
that.  The  layer  thickness  was  about  Sjim  for  the  low  carrier 
concentraion  samples  and  about  0.1pm  to  0.2pm  for  the  high 
concentration  ones,  presented  in  Fig. la  and  lb  respectively. 

The  AlGaAs/GaAs  hetero junctions  were  grown  in  order  to 
simulate  the  HEMT  quantum  well  although  the  carrier  concen¬ 
tration  in  all  layers  were  quite  differed  from  those  of 
HEMTs.  The  structure  of  these  samples  is  presented  in  Table  1 
and  consists  of  an  N*  GaAs  substrate  for  the  deposition  of  a 
back  ohmic  contact.  The  doping  level  in  both  GaAs  and  AlGaAs 
layers  wass  chosed  so  that  the  samples  to  be  assessed  by  a 
conventional  C-V  method,  using  a  IMHz  Boonton  bridge.  On  top 
a  thin  GaAs  capping  layer  was  deposited  to  avoid  the  oxida¬ 
tion  of  the  AlGaAs  one.  Finally  an  Al  Schottky  contact  was 
made  on  the  upper  layer. 
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Table  1.  AlGaAs  hetero junction  layer  structure 


Layer 

Doping 

Thick..ess 

n 

GaAs 

10^  ®  cm"  ^ 

0 . 1pm 

n 

AlGaAs 

2x101 «  cm- 3 

0 . 5pm 

n 

GaAs 

1015  cm-  3 

0 . 5pm 

n+ 

GaAs 

substrate 

The  layer  structure  of  the  HEMTs  used  in  this  project 
is  summarized  in  Table  2.  Commertially  available  HEMTs  as 
well  as  non  conventional  ones  have  been  employed.  In  the  case 
of  the  commertially  available  HEMTs  the  layer  structure  was 
possible  to  be  definrd.  Only  the  devices  geometry  was  deter¬ 
mined  by  SEM.  So  it  was  assumed  their  structure  was  was  simi¬ 
lar  to  structure  A  in  Table  2.  HEMTs  with  a  second  AlGaAs 
buffer  layer  under  the  GaAs  one,  structure  B,  have  been  also 
used  since  these  structures  exhibit  a  lower  "photoconductivi¬ 
ty"  when  they  are  exposed  to  ionizing  electromagnetic  radia¬ 
tion  [5].  Finally  HEMTs  (structure  C)  in  which  the  AlGaAs 
space  and  donor  layers  as  also  the  GaAs  contact  layers  were 
grown  at  lower  temperatures  Tg=510®C  (nominally  650®C),  as  in 
the  case  of  GaAs  pseudomorphic  HEMTs. 

The  study  has  been  completed  by  assessing  the  MESFETs 
which  are  already  mentioned  above  and  presented  in  Fig. lb. 
Some  additional  MESFETs  fabricated  on  low  temperature  buffers 
(Tg=250°C)  have  been  assessed  simultaneously  with  the  HEMTs 
in  order  to  compare  their  radiation  hardness  to  that  of  tiie 
HEMTs  and  of  the  conventional  MESFETs. 
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Table  2.  HEMT  layer  structure 


Layer 

Doping 

Struct .A* 

Thickness 
Struct .B+ 

Struct . C* 

n'^  GaAs 

2x101 8  cm- 3 

lOOA 

lOOA 

lOOA 

n+  AlGaAs 

2x101  8  cm~  3 

450A 

500A 

450A 

AlGaAs 

- 

30A 

lOOA 

30A 

GaAs 

- 

1pm 

1pm 

1pm 

AlGaAs 

- 

- 

2  pm 

- 

GaAs 

SI 

substrate 

substrate 

substrate 

*  AlGaAs  Al  mole  fraction  28% 

*  AlGaAs  Al  mole  fraction  30% 

*  AlGaAs  growth  temperature  was  510°C  and  Al  mole  fraction 
28% 


2 . 2  Radiation  Sources  and  Assessement 

All  samples  have  baen  irradiated  with  either  particle 
or  electromagnetic  radiation.  The  electromagnetic  radiation 
consisted  of  gamma  rays  obtained  from  a  Co60  source  while  the 
particle  one  consisted  of  either  heavy  ions  He^ + ,  that  is  al¬ 
pha  particles  obtained  from  an  Am  source,  or  fast  neutrons 
obtained  from  the  reactor  of  NRCPS  Demokritos  (Athens,  Gree¬ 
ce  ) . 

The  alpha  particles  had  an  average  energy  of  5MeV  and 
the  sarnies  irradiation  fluence  covered  the  range  of  10^°cm"2 
to  about  10^ 3  cm" 2.  The  neutrons,  as  already  mentioned  were 
obtained  from  a  nuclear  reactor,  and  their  energy  spectrum 
was  continuous  above  lOKeV.  The  sampes  have  been  irradiated 
with  doses  covering  the  range  of  10^3  cm- 2  to  lO^^cm'^.  Final¬ 
ly  the  gamma  ray  total  radiation  dose  did  not  exceeded  the 
dose  of  3x10’  rad  Si  due  to  extremelly  large  radiation  time. 

All  devices  were  characterised  before  and  after  each 
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successive  dose.  In  the  case  of  Schottky  diodes  the  asses¬ 
sment  was  restricted  on  C-V  and  Deep  Level  Transient  Spectro¬ 
scopy  (DLTS)  measurements.  In  the  case  of  MESFETs  and  HEMTs 
it  consisted  of  obtaining  the  Ids-Vds  or  Vcs  and  on  long  gate 
devices  the  C-V  characteristics.  From  those  the  Ga ,  Gd  and 
Ns  characteristics  were  furthere  calculated.  Additionally 
DLTS  measurements  of  either  the  gate  capacitance  or  drain 
current  were  performed  in  order  to  monitor  the  background 
trap  concentration  and  the  introduction  of  new  traps  by  ra¬ 
diation.  In  all  cases  the  HEMT  aluminum  mole  fraction  was 
greater  than  22%  so  the  DX  center  was  present  in  all  DLTS 
specctra.  The  dependence  of  the  devices  drift  mobility  on  the 
sheet  carrier  concentration  was  also  determined  for  various 
radiation  doses.  That  was  obtained  from  both  geometrical  mag¬ 
netoresistance  and  linear  region  Ids-Vds  measurements. 
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3  He*  ION  RADIATION 


3 . 1  Radiation  Effects  in  GaAs  Lavers 

The  study  of  radiation  damage  in  GaAs  was  considered  to 
be  of  great  importance  since  this  was  not  investigated  in  de¬ 
tail  previously.  Although  there  have  been  reports  in  the  li¬ 
terature  on  He  ion  radiation  damage  in  MESFETs  [16]  and  HEMTs 
[7],  they  did  not  investigated  these  effects  in  such  detail 
as  in  the  case  of  neutrons.  So  there  is  only  one  report  [17] 
which  investgates  the  degradation  factor  in  GaAs  and  that  in 
ion  implanted  layers  which  were  exposed  to  65MeV  He  ions. 

The  samples  used  in  this  investigation  were  Si  doped 
molecular  beam  epitaxy  (MBE)  layers  with  carrier  concentra¬ 
tions  ranging  from  lO^^cm*^  to  10^®cm"3,  Defect  characterisa¬ 
tion  was  performed  by  means  of  capacitance  DLTS,  in  Schottky 
diodes  for  low  carrier  concentration  samples,  or  drain  cur¬ 
rent  DLTS,  in  MESFETs  for  high  carrier  concentration  samples. 
In  each  case  these  measurements  were  combined  with  free  car¬ 
rier  profiling,  the  last  were  obtained  by  a  differential  C-V 
method . 


Ai  Schottky  Diodes  (n<10^^cm-3 ) 

Samples  with  carrier  concentrations  3x10^5  cm" ^  (SI)  and 
2x10^® cm* ^  (S2)  have  been  used  for  Schottky  diodes.  The  DLTS 
characterisation  before  irradiation  revealed  two  traps  which 
have  been  introduced  during  the  material  growth.  These  traps 
have  been  identified  by  comparing  their  Arrhenious  plots,  si- 
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grnatures,  to  those  of  well  known  ones  that  are  introduced 
during  the  Mii2  growth.  The  identification  has  shown  that  in 
all  samples  they  are  the  EB5  and  the  EB7  with  concentrations 
ranging  between  3x10"^  and  10" ^  with  respect  to  the  back¬ 
ground  doping.  A  spectrum  of  these  traps  is  presented  in 
Fig . 2a. 

The  free  carrier  concentration  and  DLTS  spectra  were 
not  affected  by  irradiation  doses  bellow  10^‘’cm"2.  Beyond 
that  dose  only  the  concentration  and  the  patern  of  EB7  star¬ 
ted  to  change  while  EB5  remained  unaffected.  This  suggested 
that  the  threshold  dose  for  5MeV  alpha  particle  radiation  in¬ 
duced  damage  for  low  carrier  concentration  GaAs  can  be  consi¬ 
dered  to  be  close  to  10i°cm‘2  which  is  in  good  agreement  with 
the  reported  level  of  2x10^ cm" ^  [7]  obtained  from  radiation 
studies  on  MESFETs. 

The  free  carrier  concentration  of  samples  SI  decreased 
to  10^ 5  cm" 3  after  a  total  dose  of  2x10^2  cm" ^  and  the  DLTS 
spectra  revealed  the  introduction  of  five  traps  labeled  Eal 
to  Ea5  (fig. 2b)  with  activation  energies  of  O.lSeV,  0.26eV, 
0.39eV,  0.45eV  and  0.61eV  (Table  3)  respectively.  On  the  ot¬ 
her  hand  the  same  total  dose  decreased  the  free  carrier  con¬ 
centration  of  samples  S2  to  8x10^5  cm" ^  and  introduced  clear¬ 
ly  four  traps  the  Ea2  to  Ea5  (fig. 2c),  while  the  trap  Eal  was 
observed  within  the  detection  limits  of  the  DLTS  system  which 
for  the  background  concentration  of  the  presend  samples  was 
about  10^2  cm- 3,  in  the  samples  SI  only  the  trap  Ea4  was  not 
clearly  resolved  while  in  S2  the  same  trap  appeared  as  a 


J 
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structure  associated  to  Ea5  trap.  That  resulted  in  an  inaccu¬ 
rate  calculation  of  its  activation  energy  from  the  Arrhenius 
plot.  Another  feature  of  the  introduced  defects  is  the  fact 
that  their  concentrations,  hence  the  introduction  rate,  de¬ 
pend  on  the  background  doping  of  the  unirradiated  material . 

So  in  sample  S2 ,  where  the  doping  is  larger,  the  introduction 
rates  of  the  traps  Ea3  and  Ea5  have  increased  considerably 
over  the  introduction  rate  of  the  trap  Ea2 . 

In  order  to  get  more  insight  on  the  origin  of  these  traps 
isochronal  annealings  for  lOmin.  were  performed  up  to  300®C 
and  the  DLTS  spectra  were  found  to  remain  similar  to  the  as- 
irradiated  ones.  That  indicated  that  these  traps  are  not  re¬ 
lated  with  simple  primary  damages  such  as  those  introduced  by 
electron  irradiation  [8-11].  This  is  in  agreement  with  the 
fact  that  alpha  particles,  due  to  their  large  mass,  must  pro¬ 
duce  significant  disturbances  through  the  whole  irradiated 
layer.  The  lattice  atoms,  recoiled  into  the  semiconductor, 
will  leave  the  near-surface  region  with  a  significant  concen¬ 
tration  of  As  and  Ga  vacancies,  while  the  displaced  As  and  Ga 
atoms  must  lie  several  atomic  planes  of  the  simultaneously 
created  vacancies.  So  the  primary  point  defects,  vacancies 
and  displaced  atoms,  will  be  on  average  much  more  widely  se¬ 
parated  than  they  are  in  the  electron  irradiated  GaAs.  As  a 
result  of  the  large  distance  over  which  the  primary  defects 
must  migrate  before  they  recombine,  other  point  defects  ac¬ 
ting  as  sinks  for  the  diffusing  interstitials  and  vacancies 
should  be  considered.  Thus  impurities  may  combine  with  dif- 


Fig. 2  DLTS  spectra  of  (a)  def facts  introduced  in  samples  du 
ring  growth  and  after  2xl012cm-2  total  dose  He-t-  irra¬ 
diation  in  sampe  (b)  SI  and  (c)  S2 
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fusing  vacancies  and  form  complexes  involving  displaced  atoms 
from  the  same  sublattice.  Therefore  the  observed  different 
increases  in  the  introduction  rates  with  the  increase  of  the 
background  doping  must  be  attributed  to  this  mechanism.  On 
the  other  hand  the  trap  Eal  must  be  attributed  to  defects 
which  do  not  the  involve  material  doping  since  their  concen¬ 
tration,  hence  the  introduction  rate,  is  almost  the  same  in 
both  samples. 

In  order  to  identify  the  induced  defects  or  to  find 
other  traps  with  similar  characteristic  parameters  the  signa¬ 
tures  of  the  Eal  to  Ea5  traps  were  compared  to  those  of  well 
known  ones.  The  comparison  has  assigned  Eal  to  16  [12]  which 
is  more  probable  since  there  is  no  report  on  the  dependence 
of  the  16  concentration  on  the  material  doping.  The  other  de¬ 
fects  were  assigned  the  Ea2  to  15  [12]  and  Ea3  and  Ea5  to  Lip 
and  L2p  [13]  respectively.  Since  the  Ea2  introduction  rate 


Table  3.  Electron  traps  introduced  after  2x10^  2  qj,- 2 
radiation  dose  with  5MeV  alpha  particles 


Trap 

Ea 

Nt  ( 10^  ^  cm“  ®  ) 

Assignement 

(eV) 

SI 

Nd ( 10^  ®  cm"  3  ) 

S2 

Nb  { 1 0^  ®  cm"  3  ) 

Eal 

0.19 

0.2 

-  - 

I6f  12] 

Ea2 

0.26 

1.6 

5.6 

15112] 

Ea3 

0.39 

1.4 

8 

Llptl3] 

Ea4 

0.45 

0.7 

4 

- 

EaS 

0.61 

1.2 

8.5 

L2p[i31 

16 


depends  on  the  material  doping  this  suggests  that  Ea2  is  more 
probably  a  defect  with  characteristics  similar  to  those  of  15 
than  being  the  15  itself.  Regarding  the  other  candidates  the 
defects  Lip  and  L2p  are  induced  by  2MeV  proton  irradiation 
[13].  Annealing  studies  have  shown  that  the  L2p  concentration 
remains  alsmost  constant  after  isochronal  annealings  up  to 
300® C  while  Lip  showes  a  two  step  annealing  behavior  with  the 
first  step  taking  place  bellow  300° C.  Comparing  this  behavior 
to  the  one  exhibited  by  Ea3  and  Ea5  it  is  concluded  that  Ea5 
may  be  considered  to  have  a  closer  relation  to  L2p  than  Ea3 
to  Lip.  These  results  are  summarized  in  Table  3. 


MESFETs  (n>10»^cm-3 ) 

The  doping  level  of  the  samples  on  which  MESFETs  were 
processed  were  1.5xl0i’cm*3  (S3)  and  2x10^® cm" ^  (S4).  MESFETs 
with  gate  lengths  of  lym  to  20ym  and  widths  of  250ym  wer*. 
processed.  The  devices  were  assessed  by  I-V  and  C-V  characte¬ 
ristics  and  drain  current  DLTS.  The  C-V  profiles  revealed 
that  alpha  particle  irradiation  of  2x10^ 2  cm- 2  total  dose  de¬ 
creases  the  initial  carrier  concentration  of  sample  S3  from 
1 . 5x10^ cm"  ®  to  about  10^ ’em"®  and  that  of  sample  S4  from 
2x10^® cm"®  to  about  1 . 4x10^ ® cm" ® .  Only  two  traps  have  been 
detected  before  irradiation.  These  were  native  traps,  namely 
the  M2  and  E5A,  which  are  introduced  during  MBE  growth.  In 


Table  4.  Electron  traps  introduced  by  alpha  particles 
in  samples  with  10^’cm"^  carrier  concentration 


Fig  .  3 


Trap 

Ea 

eV 

Nt 

101*  cm" 3 

Assignement 

Ea6 

0.31 

1.4 

- 

Ea3 

0.41 

1.6 

Lip  [13] 

EaS 

0.66 

1.5 

L2p[13] 

Ea7 

0.89 

1.5 

L3p  [13] 

AFTER  2.31E12  cm*-2  TOTAL  DOSE 


S3  samples  IDS-DLTS  spectra  obtained  after  a  radiation 
dose  of  2.3x1012^0,-2  h®  ions. 


these  samples  it  was  found  that  alpha  particle  irradiation 


introduces  only  four  traps.  These  were  easily  detected  in 
sample  S3  (fig. 3)  and  the  results  from  their  Arrhenious  plots 
are  summurised  in  Table  4.  Very  noisy  spectra  were  obtained 
from  samples  S4  due  to  excess  leackage  in  the  FATFET  gate  . 
Smoothed  spectra  are  presented  in  Fig. 4  and  an  indication  of 
their  activation  energies  and  concentrations  are  presented  in 
Table  5.  Each  trap  identity  was  determined  by  the  method 
already  described  above. 


Table  5.  Electron  traps  introduced  by  alpha  particles 
in  samples  with  10i®cm~3  carrier  concentration 


Trap 

Ea 

eV 

Nt 

lO*^  cm"  ® 

Assignement 

Ea8 

0.22 

2.2 

?  I6[12] 

Ea3 

0.36 

2.1 

Llp[13] 

Ea7 

0.89 

2.0 

L3p[13] 

Fig. 4  S4  samples  IDS-DLTS  spectra  obtained  after  a  radiation 
dose  of  3. 8x1012cm"*  He  ions. 
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The  study  of  these  structures  leads  to  usefull  conclu¬ 
sions  about  the  He  ion  induced  degradation  of  GaAs  buffers 
and  contact  layers  of  HEMTs.  It  is  well  known  that  the  car¬ 
rier  concentration  in  a  semiconductors  decrease  when  they  are 
exposed  to  radiation.  The  rate  of  carrier  removal  can  be  de¬ 
scribed  by  a  simple  differential  equation 

dN 

—  =  -  13No 
dD 

where  D  is  the  radiation  dose,  No  the  carrier  concentration 
of  the  unirradiated  material  and  Q  the  degradation  parameter 
which  depends  on  the  initial  carrier  concentration.  Previous 
investigations  in  QaAs  [14]  have  shown  that  for  neutron  ra¬ 
diation  the  degradation  parameter  depends  on  the  background 
doping  as 

B(cm2  )  =  7.2xlO-'*No-o  • 

The  mass  and  charge  of  He  ions  is  much  different  of  that  of 
neutrons  so  the  degradation  parameter  is  expected  to  be  dif¬ 
ferent  too.  In  Fig. 5  is  presented  the  variation  of  the  degra¬ 
dation  parameter  as  a  function  of  the  GaAs  layer  initial  do¬ 
ping.  From  that  plot  the  it  was  found  that  in  the  case  of 
5MeV  He  ions  the  degradation  parameter  is  given  by 

B(cm2)  =  1.4X10-11NO-0-085 

The  relation  which  was  obtained  from  the  carrier  removal  rate 
in  Ref. 17  in  ion  implanted  resistors  was  quite  different 

13(cm2  )  =  2 . 1x10"  *  No*  °  ®  2 
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Fig.  5  Dependence  of  the  degradation  parameter  on  the  semi¬ 
conductor  background  doping.  Data  obtained  from  GaAs 
irradiated  with  5MeV  He  ions. 

but  it  must  be  pointed  out  that  the  He  ion  energy  was  much 
larger  (65MeV)  than  the  one  in  the  present  investigation  and 
the  GaAs  layers  were  ion  implanted  ones,  which  as  found  from 
our  experiments  degrade  faster  than  the  MBE  ones.  From  addi¬ 
tional  experiments  on  the  shift  of  the  threshold  voltage  of 
MBE  grown  MESFETs  which  were  exposed  to  5MeV  He  ions  [15]  we 
obtained  a  similar  result.  In  that  case  the  degradation  para¬ 
meter  was  found  to  given  by  the  relation 


j3(cm2)  =  3.3xlO-iiNo-o- 
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This  is  in  very  good  agreement  with  the  present  results  if  we 
take  into  account  that  in  the  case  of  MESFETs  the  threshold 
voltage  is  affected  also  by  other  parameters  such  as  the  sub¬ 
strate  doping  and  the  doping  uniformity  of  the  channel. 

Heavy  ion  radiation  introduces  in  GaAs  complex  traps 
which  introduction  rate,  as  shown  in  Figs.  2-4,  depends  on 
the  Si  donor  concentration.  Among  eight  traps,  detected  in 
all  samples,  three  of  them,  namely  Ea3 ,  Ea5  and  Ea7 ,  were 
most  frequently  encountered.  The  dependence  of  the  concentra¬ 
tion  of  these  traps  on  the  background  Si  donor  concentration 


Fig.  6  Dependence  of  the  trap  concentration  on  the  back¬ 
ground  doping  in  GaAs  irradiated  with  2x10^  2 
He  ions. 


22 


for  a  radiation  dose  of  2xl0^2cin-2  ig  ploted  in  Fig. 6.  In  the 
same  figure  the  concentration  of  the  other  five  detected 
traps  is  presented.  It  is  important  to  notice  the  sublinear 
relation  of  the  trap  concentration.  This  indicates  that  the 
background  impurities,  in  the  present  case  Si,  combine  with 
the  diffusing  vacancies  at  room  temper^-.  „ure  and  form  comple¬ 
xes.  It  must  be  mentioned  that  other  point  defects  are  also 
involved  acting  as  sinks  for  the  diffusing  interstitials  and 
vacancies.  Such  a  defect  may  be  considered  the  EL2  although 
there  has  been  no  indication  of  the  involvement  of  this  trap. 
In  conclusion  the  carrier  removal  in  GaAs  exposed  to  He  ions 
shows  a  smaller  dependence  on  the  background  doping  compared 
to  neutron  radiation  and  the  introduce  electron  traps  show  a 
sublinear  dependence  on  the  background  concentration. 


3.2  Radiation  Effects  in  Hetero.iunctions 

The  carrier  concentration  in  both  the  donor  layer  and 
the  2DEG  of  an  AlGaAs/GaAs  hetero junction  can  be  determined 
by  C-V  profiling  [18].  The  structure  of  the  hetero junctions 
used  in  this  project  has  been  already  presented  in  Table  1. 
The  carrier  profile  of  these  structures  shows  a  minimum  of 
carrier  concentration  on  the  AlGaAs  side  and  a  peak  on  the 
GaAs  side  of  the  hetero junction.  The  samples  were  irradiated 
up  to  1013^^-2  dose.  The  radiation  of  these  samples  with  He 
ions  resulted  into  a  simoultaneuous  decrease  of  the  carrier 
concentration  in  the  AlGaAs  donor  layer  and  in  the  2DEG.  This 


Fig.  7  Profile  of  an  AlGaAs/GaAs  hetero junction  obtained 

from  the  C-V  characteristic.  The  continuous  line  cor 
responds  to  the  characteristic  before  irradiation, 
(•’•)  after  a  dose  of  1 . 5x10^ 2 2 ^  (-  -)  a  dose  of 
3x10^  2  cm"  2,  a  dose  of  4 . 7x10^  2  qhj- 2  and 

after  a  dose  of  6.6xl022cm"2 , 


Dose  (lEllcm— 2) 


Fig.  8  Dependence  of  AlGaAs  carrier  concentration  on  the  ra 
diation  dose. 
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Fig.  9  Dependence  of  the  2DEG  carrier  concentration  on  the 
radiation  dose. 

is  shown,  for  severalradiarion  doses,  in  Fig. 7.  The  carrier 
removal  was  found  to  follow  a  linear  relation  with  the  radia¬ 
tion  dose  in  both  the  AlGaAs  and  2DEG  and  are  presented  in 
Fig. 8  and  9  respectively.  The  data  in  both  cases  were  fited 
to  the  general  equation 


N(D)  =  No  (1-J3D) 

where  0  is  the  degradation  parameter.  The  degradation  para¬ 
meters  were  not  the  same,  that  is  in  the  case  of 

♦  AlGaAs  0  =  5.5xl0’^*cm2 

and 


*  2DEG 


0  =  6.3xl0"i*cm2 
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This  clearly  suggests  that  the  decrease  of  carrier  concentra¬ 
tion  in  the  2DEG  must  not  be  attributed  only  to  the  decrease 
of  carrier  concentration  in  the  AlGaAs  but  also  to  other  rea¬ 
sons  such  as  the  introduction  of  charges  into  the  GaAs  layer | 
as  shown  above,  and  the  generation  of  interface  states.  Hear 
it  must  be  mentioned  that  in  these  samples  the  carrier  conce¬ 
ntration  in  the  GaAs  is  much  larger  than  that  in  a  conventio¬ 
nal  HEMT  and  also  that  the  depth  of  the  well  is  not  as  large 
as  in  HEMTs.  Therefore  the  effect  of  introduction  of  charges 
in  the  GaAs  layer  must  be  considered  as  a  less  significant 
effect  which  suggests  that  the  generation  of  interface  traps 
is  a  more  significant  one.  This  is  also  supported  from  mobi¬ 
lity  measurements  in  HEMTs. 

DLTS  measurements  did  not  reveal  any  significant  trap 
concentration  comparable  to  that  of  the  DX  center.  This  was 
also  supported  by  the  DLTS  spectra  of  HEMTs.  Hear  it  must  be 
pointed  that  these  results  do  not  suggest  that  He  ion  irra¬ 
diation  does  not  introduces  traps  in  AlGaAs.  In  contrast 
traps  are  introduced  but  their  concentration  is  much  lower 
than  that  of  the  DX  center  such  as  that  presented  in  Fig. 10. 
The  origin  of  this  trap  was  not  possible  to  be  traced  due  to 
its  low  concentration. 


Fig.  10  Electron  trap  detected  in  HEMTs  after  a  dose 


3.3  Radiation  Effects  in  HEMTs 

Ionizing  radiation  degrades  the  performance  of  MESPETs 
and  HEMTs.  This  is  manifested  primarly  through  the  degrada¬ 
tion  of  their  I-V  characteristics  which  in  turn  is  the  result 
of  the  degradation  of  the  mobility  and  carrier  concentration 
in  the  semiconductor,  the  decrease  of  the  electric  field  in 
the  junctions  and  the  variation  of  other  parameters  such  as 
the  series  resistances.  Starting  from  the  I-V  characteristics 
we  shall  attempt  to  understand  the  degradation  mechanisms  by 
evaluating  and  studying  the  variation  of  each  parameter  with 


radiation. 
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I-V  Characteristics 

The  effect  of  He  ion  irradiation  on  the  Ids-Vds  chara¬ 
cteristic,  of  lum  gate  length  devices,  is  shown  in  Figs. 11a 
and  11b  for  structure  A  and  C  respectively.  The  behavior  of 
structure  B  HEMTs  was  similar  to  that  of  structure  A,  thus  it 
is  not  presented.  The  evolution  of  the  I-V  characteristcs 
with  the  radiation  dose  indicates  that  the  device  performance 
is  not  significantly  affected  for  radiation  doses  lower  than 
about  10^2  cm- 2.  Beyond  this  level  the  devices  degradation  ra¬ 
te  becomes  significant.  So  the  drain  current  drops  to  almost 
20%  of  its  pre-irrradiation  value  at  a  total  dose  of 
about  1 . 4x10^^  2  cm"  2  on  structures  A  and  B  and  at  2. 6x102  2  cm"  2 
on  structure  C.  A  comparison  of  the  degradation  rates  of 
these  structures  leads  to  the  conclusion  that  the  devices  in 
which  the  AlGaAs  donor  and  spacer  layers  was  grown  at  lower 
temperatures,  that  is  the  donor  layer  contains  more  defects, 
are  more  resistant  than  those  in  which  the  AlGaAs  layers  was 
grown  at  higher  temperatures.  On  the  other  hand  the  presence 
of  an  AlGaAs  buffer  layer  seems  to  play  a  minor  role  on  the 
device  radiation  hardness  although  experiments  on  transient 
ionizing  radiation  response  have  shown  an  improved  performan¬ 
ce  of  MESFETs  [16]  with  AlGaAs  buffer  layers  and  HEMTs  with 
superlattice  buffer  layers  [19].  In  general  the  degrada¬ 
tion  of  the  Ids-Vds  characteristics  may  result  from: 

a)  the  decrease  of  the  2DEG  carrier  concentration 

b)  the  decrease  of  the  mobility  or  saturation  velocity, 

when  the  device  operates  in  the  linear  or  saturation 


0 


1 


2 


Vos  - -I' 

Fig. 11  Degradation  of  Ids-Vds  characteristics  (Vcs=OV)  of; 

(a)  structure  A:  continuous  line  corresponds  to  the 

characteristic  before  irradiation,  (•■• )  after  a 
dose  of  5xl0^icin"2,  (-  -)  after  a  dose  of 
3x10^2  cm"  2,  (-•-•-)  after  a  dose  of  4 . 5x10^  ^  cm- 2 

and  (-••-••-)  after  a  dose  of  5. 7x10^2  cm"* . 

(b)  structure  C:  continuous  line  corresponds  to  the 
characteristic  before  irradiation,  (••• )  after  a 
dose  of  1 . 2x10^ 2  cm" * ,  (-  -)  after  a  dose  of 

1 . 6x10*  *  cm"  *  ,  (-•-•-)  after  a  dose  of 
2. 6x10*2 cm"*  and  (-••-••-)  after  a  dose  of 
3 . 2x10* 2 cm* 2 .  The  drain  current  instabilities 
beyond  V®s=lV  are  caused  bu  oscillations. 
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region 

c)  the  increrase  of  the  threshold  voltage 

d)  the  increase  of  the  source  series  resistance. 

Since  all  these  occur  simultaneously  the  determination  of  the 
magnitude  of  each  one  is  necessary  for  the  understunding  of 
degradation  mechanisms  of  HEMTs. 

The  effect  of  radiation  on  the  Ids-Vcs  characteristics 
becomes  more  evident  if  instead  of  studying  them  we  study  the 
transconductance  ones.  The  Gm-Vcs  characteristics  give  diffe¬ 
rent  information,  that  depending  on  whether  they  have  been 
obtained  when  the  device  is  biased  in  the  linear  region 
(fig. 12)  or  at  saturation  (fig. 13).  In  the  first  case  the 
extrinsic  transconductance  Gme,  that  is  the  experimentally 
measured  one,  is  practically  equal  to  to  the  intrinsic  Gmi 
one,  because  the  low  value  of  the  source  series  resistance  Rs 
plays  no  significant  role  in  the  equation  which  relates  the 
extrinsic  and  the  intrinsic  trasconductances 

Gme 

Gmi  =  - 

1  +  Gme*  Rs 

In  the  linear  region  the  2DEG  mobility  is  always  much 
larger  than  that  of  the  heavily  doped  AlGaAs  donor  layer. 
Furthere  we  can  assume  that  this  is  valid  also  for  all  radia¬ 
tion  doses  used  in  our  experiments.  On  the  other  hand,  as  it 
will  be  shown  later,  the  2DEG  mobility  does  not  vary  signifi¬ 
cantly  with  the  carrier  concentration  at  gate  bias  levels 
well  above  threshold.  The  current-voltage  characteristics  of 
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Fig. 12  Degradation  of  linear  region  transconductance  for 

(a)  structure  A;  continuous  line  corresponds  to  the 
characteristic  before  irradiation.  The  others 
correspond  to  doses  of  8x10^ cm" 1 . 2x10^ ^ cm’ * , 

1 . 8x101 2 cm" * ,  2. 2x101* cm'*  and  2 . 6xl0i* cm"* . 

(b)  structure  C:  continuous  line  corresponds  to  the 
characteristic  before  irradiation.  The  others  cor¬ 
respond  to  doses  of  0.8x101* cm" * ,  1 . 6xl0i *  cm"  * , 

3 . 1x101  *  cm"  *  ,  4.5xl0i*cm'*  and  5 . 7xl0i  *  cm"  *  . 
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Fig. 13  Degradation  of  saturation  region  transconductance  for 

(a)  structure  A:  continuous  line  corresponds  to  the 
characteristic  before  irradiation.  The  others 
correspond  to  doses  of  1 . 2x10^ 2  cm" 2 ^  2. 2x10^2  cm- 2 
and  2 . 6x1 0^  2  cm" 2 . 

(b)  structure  C:  continuous  line  corresponds  to  the 
characteristic  before  irradiation. The  others  cor¬ 
respond  to  doses  of  0 . 8x10^ 2  cm" 2 ,  1 . 6x10^ 2  cm" 2 , 

3 . 1x10^ 2  cm" 2  ,  4. 5x10^2  cm"  2  5 . 7x10^  2 cm" 2  . 
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a  HEMT  may  be  found  based  on  the  charge  control  model,  using 
the  gradual  channel  approximation  [20].  This  implies  that  the 
carrier  concentration  in  the  2DEG  is  given  by 

e 

Ns(x)  =  —  [VGS-Vth-V(x)  ] 

dt 

where  dt  is  the  thickness  of  the  AlGaAs  layer,  x  the  space 
coordinate  along  the  channel  and  V(x)  is  the  channel  poten¬ 
tial.  If  a  very  low  potential  is  applied  between  the  drain 
and  source  contacts  the  carrier  concentration  is  almost  con¬ 
stant.  Then  the  transconductance  of  the  linear  region  of  ope¬ 
ration  can  be  written  in  a  simple  form: 

dNs 

Gm  =  q*iA*W*VDS  - 

dVc  s 

where  W  is  the  channel  width.  This  denotes  that  the  transcon¬ 
ductance  is  in  fact  determined  by  the  device  charge  control 
efficiency.  Figure  12  shows  a  shift  of  the  threshold  voltage 
towards  more  positive  gate  bias  levels  with  increasing  the 
radiation  dose.  The  origin  of  this  shift  will  be  discussed 
later.  Another  feature  of  Fig. 12  is  that  the  peak  of  Gm, 
which  represents  the  maximum  efficiency  of  charge  control  of 
the  2DEG  ,  does  not  shift  with  radiation.  This  means  that 
although  the  2DEG  is  affected  by  the  He  ion  radiation,  its 
modulation  starts  at  almost  the  same  gate  voltage  and  this  is 
almost  independent  of  the  radiation  dose.  Such  a  behavior  caa 
be  obtained  only  if  the  pinch-off  voltage,  Vp ,  of  the  donor 
layer  remains  almost  constant  or  at  least  it  varies  slowly 
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with  the  He  ion  dose.  More  information  can  be  obtained  if  the 
gate  bias,  for  total  donor  layer  depletion,  is  written  as 

Vc  s  =  Vp  -  Vbi 

where  Vbi  is  the  Schottky  gate  junction  build  in  potential. 
The  height  of  the  build  in  potential  is  determined  by  the 
surface  potential  4>b  ,  the  net  donor  concentration  Nd  and  the 
conduction  band  density  of  states  Nc  by 

Vbi  =  <I>b  +  kT-  ln{ND/Nc  ) 

Upon  radiation  the  build  in  voltage  decreases  with  increasing 
the  dose  due  to  carrier  removal.  Assuming  a  carrier  reremoval 
rate  3  we  can  determine  the  variation  of  Vbi  with  the  radia¬ 
tion  dose 

AVbi  =  kT-  3-  D 

On  the  other  hand  the  pinch-off  voltage  is  given  by 

qd2 

Vp  =  -  Nd 

2e 

where  d  is  the  thickness  of  the  donor  layer.  Assuming  again  a 
constant  carrier  removal  rate  we  can  calculate  the  variation 
of  the  pinch-off  voltage  as  a  function  of  the  radiation  dose 
and  obtain 

AVp  =  Vp  •  3-  D 

Finally  the  change  in  the  gate  bias  for  totam  depletion  of 
the  donor  layer  will  be  given  by 

AVgs  =  (Vp  -  kT)-3-D 

The  last  equation  in  connection  with  the  characteristics  pre¬ 
sented  in  Fig. 12  lead  to  the  conclusion  that  for  He  ion  ra¬ 
diation  the  degradation  factor  of  highly  doped  AlGaAs  is  ve- 
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ry  small  and  it  seems  that  it  does  not  constitutes  an  impor¬ 
tant  source  for  a  HEMT  degradation. 

In  the  saturation  region  the  source  series  resistance 
plays  a  significant  role  so  any  interpretation  based  on  the 
transconductance  characteristics  have  to  be  treated  with  ca¬ 
re.  In  this  region  the  charge  control  model  based  on  a  two- 
piece  linear  approximation  for  the  electron  velocity  versus 
electric  field  curve,  leads  to  the  following  expression  for 
the  maximum  intrinsic  transconductance  of  a  HEMT  [21]: 


Gmia  a  X 


qti.Nso 

{l  +  [qnNaodt/£V8Lg  ^ 


where  Nao  is  the  equilibrium  interface  carrier  concentration 
[22].  For  devices  with  structures  like  those  of  Table  1  if  we 
assume  a  mobility  of  iJL=4000cm2 /Vsec  ,  an  Nao  =10i  2  cm- 2  ,  a  satu¬ 
ration  velocity  vs  =2x10’ cm/sec  and  a  gate  length  Lg=2M,m,  we 
obtain 

Gmiaa  X  dt 

Vs  =  - 

cLg 


Further  the  saturation  velocity  can  be  calculated  taking  into 
account  the  source  series  resistance.  So 


Vs 


Gmen  a  X  dt 


1 


cLg  1  -  RsGmeaax 


The  source  series  resistance,  as  will  be  shown  later,  consti¬ 
tutes  an  important  source  of  degradation  in  HEMTs  because  its 
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D  (x1E12  cm-2) 

Fig. 14  Dependence  of  the  ratio  of  saturation  velocity  to  its 
pre-irradiation  value  on  the  radiation  dose. 

value  increases  significantly  with  radiation.  In  order  to  mi¬ 
nimise  the  error  that  is  induced  by  neglecting  Rs  we  calcula¬ 
ted  the  saturation  velocity  at  low  Gme  values,  that  is  at  ga¬ 
te  bias  levels  well  beyond  the  transconductance  peak.  This 
method  permitted  the  estimation  of  variation  of  saturation 
velocity  with  radiation  dose.  A  better  investigation  is 
achieved  if  the  series  resitance  is  used  in  the  calculations. 
By  choosing  properly  the  gate  bias  the  estimated  error  can  be 
decreased  to  less  than  10%.  For  such  gate  bias  levels  the  sa¬ 
turation  velocities  of  1pm  gate  length  devices  was  found  to 
be  about  8xl0®cm/sec  for  structure  A,  7xl0®cm/sec  for  B 
arid  about  3x10® cm/sec  for  C.  The  ratio  of  the  velocity  after 
irradiation  to  its  pre-irradiation  one  is  plotted  in  Fig. 14. 
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The  decrease  of  the  saturation  velocity  with  radiation  may 
attributed  to  an  increase  of  the  hetero- junction  interface 
roughness  due  to  atom  displacement  by  the  He  ions.  Such  a 
hypothesis  is  supposed  by  the  fact  that  the  degradation  rate 
of  the  saturation  velocity  in  structure  C  is  lower  than  that 
of  strucutre  A.  As  already  mentioned  the  AlGaAs  layer,  in  C, 
was  grown  at  a  relatively  low  temperature  510‘C  and  it  is 
well  known  that  such  grow^th  conditions  give  rise  to  very 
rough  interfaces.  So  for  these  strucures  large  radiation  do¬ 
ses  are  needed  to  increase  furthere  the  already  existing  in¬ 
terface  roughness.  In  normal  structures,  such  as  A, the  inter¬ 
face  roughness  has  to  be  very  low.  So  upon  radiation  these 
interfaces  degrade  faster  and  at  lower  doses.  Finally  the  in¬ 
crease  of  the  interface  roughness  has  been  monitored  in  elec¬ 
trical  measurements  as  will  be  discussed  later. 

I-T  Characteristics 

In  HEMTs  the  drain  current  increases  when  the  temperatu¬ 
re  decreases.  This  behavior  originates  from  the  spatial  sepa¬ 
ration  of  the  conduction  and  the  donor  layer.  In  such  a  stru¬ 
cture  the  dominant  scattering  mechanism  is  on  phonons  which 
leads  to  an  increase  of  mobility  when  the  temperature  decrea¬ 
ses.  The  introduction  of  lattice  defects  in  the  buffer  and 
spacer  layers,  with  irradiation,  increases  the  concentration 
of  charged  centers  which  are  both  bulk  and  interface  ones. 
This  furthere  increases  the  scattering  on  ionized  impurities 
and  decreases  the  2DEG  mobility  at  low  temperatures.  At  room 
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Fig. 15  Temperature  dependence  of  drain  current  (a)  before 

irradiation  and  for  radiation  doses  of  (b)  lO^^cm"*, 
(c)  3xl0i2cin-2,  (d)  4 . 5x101 2  cm"  2  ,  (g)  5.7xl0i2cm"2 

temperature  the  leading  scattering  mechanism  is  on  phonons  so. 
the  effect  of  radiation  is  less  prominent.  This  and  the  car¬ 
rier  removal,  due  to  the  introduction  of  electron  traps  in 
both  the  donor  and  the  buffer  layers,  decrease  the  device 
current  at  low  temperatures.  Concequently  at  low  radiation 
doses  these  effects  will  be  less  prominent  and  the  device 
current  will  collapse  at  low  temperatures  mainly  due  to  the 
presence  of  the  DX  center.  At  large  radiation  doses  the  lat¬ 
tice  defects  will  be  the  leading  ones  and  the  device  drain 


current  will  vanish  gradually  with  the  temperature  decrea- 


Fig. 16  Sheet  carrier  concentration,  including  that  of  the 

AlGaAs  donor  layer,  vs  gate  bias  ( — )  before  irradia 
tion,  (•••  )  after  a  dose  of  2xl0i2cm-2  and  ) 

after  a  dose  of  4 . 5x10^ *  cm” 2 


T  - -  K 

Fig.l^  Typical  drain  current  DLTS  before  irradiation  (conti¬ 
nuous  line)  and  after  a  dose  of  3x10^ 2  cm- 2  (dashed 
line ' 
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sing.  The  temperature  dependence  of  the  drain  current  for 
various  radiation  doses,  with  the  device  biassed  in  the  li¬ 
near  region,  is  shown  in  Fig. 15.  The  experimental  results 
were  found  to  be  very  in  good  agreement  with  the  predicted 
behavior.  So  for  doses  up  to  about  3x10^2  cm" 2  the  drain  cur¬ 
rent  still  increases  at  low  temperatures  indicating  a  low 
scattering  rate  on  ionized  centers.  Above  this  dose  the  scat¬ 
tering  on  ionized  centers  seems  becomes  the  dominant  mecha¬ 
nism.  This  in  conection  with  the  carrier  trapping  effect  de¬ 
creases  smoothly  the  drain  current  at  low  temperatures. 

Na-V  Characteristics 

The  concentration  of  the  2DEQ  was  calculated  from  C-V 
measurements  of  FATFET  gate  capacitance.  Experimental  results 
are  presented  in  Fig. 16.  In  the  lower  part  of  each  Ns-V  these 
characteristic  the  concentration  is  determined  by  the  2DEG 
while  in  the  upper  part  there  is  some  contribution  from  the 
donors  of  the  AlGaAs  layer.  The  2DEG  concentration  degrades 
with  increasing  the  radiation  dose.  This  behavior  was  expec¬ 
ted  and  has  been  already  have  been  shown  in  hetero junctions . 
Exploatation  of  these  results  will  be  done  later  where  a  cha¬ 
rge  control  model  will  be  employed.  From  the  Ns-V  characteri¬ 
stics  the  2DEG  degradation  paramet-er  was  found  to  be  about 
7.5xl0‘i^cm2  being  in  good  agreement  with  the  previous  one 

DLTS  measurements  have  been  also  performed  in  HEMTs.  As 
already  mentioned  no  other  trap  with  a  concentration  compara¬ 
ble  to  that  of  the  DX  center  was  detected.  In  some  cases  a 
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minority-like  carrier  trap,  associated  with  the  DX  center, 
was  detected  in  some  HEMTs  after  irradiation.  In  other  devi¬ 
ces  this  trap  was  present  before  irradiation  and  its  concen¬ 
tration  was  increased  after  radiation.  This  trap,  in  litera¬ 
ture,  is  attributed  to  interface  states  at  the  hetero junction 
and  always  emerges  or  its  concentration  increases  after  ther¬ 
mal  or  current  stressing  [19]. 

Mobility  degradation 

In  order  to  obtain  a  better  insight  on  the  HEMT  degrada¬ 
tion,  the  efficiency  of  the  screening  effect  on  carrier  scat¬ 
tering  was  investigated.  So  the  dependence  of  the  device 
drift  mobility  on  the  sheet  carrier  concentration  was  deter¬ 
mined  for  various  radiation  doses.  The  mobility  was  determi¬ 
ned  by  applying  both  methods  the  geometrical  magnetoresistan¬ 
ce  method  [10,11]  and  the  Ids-Vcs  characteristics  in  the  li¬ 
near  region  [12].  Due  to  excess  noise  in  the  magnetoresista¬ 
nce  measurements,  espetially  at  low  current  levels  we  adopted 
the  second  method.  For  the  application  of  this  method  the  de¬ 
termination  of  the  sum  of  the  HEMT  series  resistances 
Rsd=Rs+Rd  was  needed.  In  general  the  source-drain  resistance 
Rt  of  any  field  effect  transistor  is  the  sum  of  the  intrin¬ 
sic  channel  resistance  Rc  and  the  series  ones  Rsd .  Furthers 
the  channel  intrinsic  resistance  can  be  expressed  in  terms 
of  sheet  carrier  concentration  and  average  mobility.  The 
latter  in  the  case  of  HEMTs  includes  some  contribution  from 
the  AlGaAs  donor  layer  when  parasitic  conduction  occurs.  The 
total  resistance  can  be  written  in  a  simple  way  as: 


Dependence  of  mobility  on  sheet  carrier  concentration 
of ; 

(a)  structure  A  ( - )  before  irradiation,  (•••  )  after 

a  dose  of  lOi^cm"^,  {~  ~  ~  )  after  a  dose  of 
2x10^  2  cm- 2  and  {-•-•-)  after  a  dose  of  3x10^2  cm*  ^ 

(b)  structure  B  ( - )  before  irradiation,  (••• )  after 

a  dose  of  10^2  cn,"  2  ,  (-  -  -  )  after  a  dose  of 
3xl0i2cm"2,  after  a  dose  of  4.5xl0i2cm"2 

and  (-••-••-)  after  a  dose  of  5 . 7x10^  2  2  , 

(c)  structure  C  ( - )  before  irradiation,  {■  "  ■ ) 

after  a  dose  of  i.5xl0^2cm"2  and  (-•-•-)  after  a 
dose  of  3x10^2  cm"  2. 

In  all  cases  the  mobility  drop  above  ns =2x10^ 2  cm" 2  is 
due  to  parallel  conduction  in  the  AlGaAs  donor  las’^er 
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Rt  ( Ns  )  =  Rs  D  +  Rc 

and  the  average  mobility  can  be  calculated  from 

Lg  1 

li(Ns)  =  -  - 

q*  Ns*  W  Rt(Ns)  -  Rsd 

The  total  series  resistance  Rs»  was  found  to  depend  strongly 
on  the  device  geometry  and  manif acturer .  The  channel  carrier 
concentration  Ns  was  determined  from  the  Ccs-Vcs  characteri¬ 
stics  . 

All  structure  p-Ns  characteristics,  obtained  for  seve¬ 
ral  radiation  doses  are  persented  in  Fig. 18.  A  common  feature 
of  the  p-Ns  characteristics  is  that  the  mobility  increases 
with  increasing  Ns  and  this  is  due  to  the  effect  of  gradual 
increase  of  screening.  The  mobility  then  attains  a  maximum 
which  corresponds  to  a  carrier  concentration  of  about 
2x10^^ cm* 2  beyond  which  it  starts  to  decrease  due  to  parallel 
conduction  in  AlGaAs. 

Radiation  decreases  the  mobility  due  to  the  introdu¬ 
ction  of  ionized  centers  in  the  spacer  and  buffer  layer  and 
the  increase  of  interface  roughness.  The  results  from  HEMTs 
with  conventional  buffer  layers  (fig. 18a)  and  those  with  an 
additional  AlGaAs  buffer  layer  (fig. 18b)  show  that  the  intro¬ 
duction  of  the  additional  buffer  layer  does  not  improve  the 
device  radiation  hardnes  from  the  point  of  view  of  carrier 
mobility.  In  contrast  the  devices  with  the  low  temperature 
growth  AlGaAs  donor  layers  (fig. 18c)  show  an  improved  radia¬ 
tion  hardness  although  they  are  of  inferion  material  quality. 
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That  is  because  of  the  larger  concentration  of  defects  in  the 
spacer  layer  and  at  the  interface  which  reduces,  before  any 
radiation,  the  2DEG  mobility.  Low  radiation  doses  do  not  al¬ 
ter  significantly  the  population  of  these  defects.  Therefore 
much  larger  doses  are  needed  to  increase  the  concentration  of 
the  background  defects  and  hence  to  reduce  the  mobility.  The 
dependence  of  the  normalized  mobility,  to  its  pre-irradiation 
value,  on  the  radiation  dose  is  shown  in  Fig. 19.  In  both 
structures  A  and  B  the  corresponding  degradation  parameter 
is  the  same,  Bji  =  1 .  1x10*  ^  ^  ci„2  ^  indigating  again  that  the 
insertion  of  an  additional  AlGaAs  buffer  layer  does  not  im¬ 
prove  the  total  dose  radiation  hardnes  of  a  HEMT.  Finally  the 
degradation  parameter  of  structure  C  is  much  lower  than  that 
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Fig. 19  Dependence  of  the  norroalieed  mobility,  to  lt»  pr*-lr 
radiation  value,  on  the  radiation  dose. 
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of  structures  A  and  B,  Bp  =  3 . 4x10" ^ ^ cm^ ,  thus  supporting  all 
previous  results  obtained  from  other  parameters.  The  conclu¬ 
sion  to  which  we  are  lead  is  that  from  the  point  of  view  of 
radiation  tolerance  a  compromise  can  be  done  between  regar¬ 
ding  the  material  quality. 

Series  Resistance  degradation 

Many  models  have  been  preoposed  to  describe  the  HEMT 
d.c.  characteristics.  The  majority  of  these  models  treat  the 
parasitic  series  resistances  as  a  constant  fitting  parameter. 
This  assumption  is  partia.' ly  justified  for  low  drain  currents 
such  as  in  the  linear  region,  where  the  interelectrode  spa¬ 
cing  may  be  considered  to  exhibit  an  ohmic  behavior,  hence  to 
be  approximated  by  simple  transmission  line  model  [23,24].  In 
general  the  parasitic  series  resistances  are  non  ohmic.  They 
are  modulated  by  both  the  surface  potential  and  the  potential 
difference  between  the  gate  and  the  source  or  drain  electrods 
[25,26].  In  our  case  we  assumed  that  the  series  resistances 
were  ohmic  and  the  study  was  limited  on  the  data  of  the  li¬ 
near  region.  On  the  other  hand  due  to  large  dispersion  in  the 
Rs  values  among  various  devices  and  structures  (Rs=5-15ohm) 
we  studied  the  variation  of  their  normalized  magnitude  with 
the  radiation  dose.  For  the  determination  of  Rs  we  assumed 
that  all  devices  were  symmetrical,  that  is  Rs=Rd=Rsd/2,  and 
we  applied  the  method  proposed  by  M.S.  Shur  in  Ref. 22.  The 
variation  of  the  normalized  source  resistance  of  each  stru¬ 
cture  used  in  this  project  is  presented  in  Fig. 20.  From  there 
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Fig. 20  Variation  of  the  normalized  Rs  /Rs  o»  to  their  values 
before  radiation,  parasitic  resistances  vs  radiation 
dose  for:  (x)  structure  A,  (o)  structure  B  and  (o) 
structure  C. 

it  becomes  obvious  that  structure  C  exhibits  a  higher  radia¬ 
tion  hardness  relatively  to  the  other  structures.  The  series 
resistance  degradatiopn  can  be  attributed  mainly  to  the  de¬ 
crease  of  the  2DEG  carrier  concentration  since  the  degrada¬ 
tion  of  the  mobility  is  much  lower  to  justify  that.  Another 
reason  for  the  fast  dagradation  is  the  specific  structure  of 
the  series  resistances  which  contain  a  GaAs/AlGaAs  heterojun¬ 
ction  which  tunneling  resistance  can  be  affected  by  the  dama¬ 
ge  introduced  by  He  ion  radiation. 


Charge  Control  Model 

When  an  AlGaAs  layer  is  grown  on  top  of  an  undoped  GaAs 
layer  a  two-dimensinal  electron  gas  is  formed  at  the  interfa¬ 
ce  owing  to  the  difference  in  the  electron  affinity  of  the 
two  layers  (fig. 21).  The  distribution  of  electrons  in  the 
subbands  can  be  obtained  analytically  assuming  an  infinite 
barrier  height  on  the  AlGaAs  side  and  a  linear  potential  ene¬ 
rgy  on  the  vicinity  of  the  heterointerface. 

V  =  qFsx 

where  Fa  is  the  surfaces  electric  field  (triangular  potential 
well  approximation).  This  approach  yields  a  satisfactory  so¬ 
lution  for  the  surface  carrier  density  as  a  function  of  the 
Fermi  level.  In  this  model  the  relation  between  the  subbands 
energy  and  the  electric  field  is  given  by 

h2  3  3 

Ei  =  ( - )l/3[_  qFs(i+  -)]2/3 

2m  2  4 

The  surface  field  is  related  to  the  surface  carrier  density 
Ns  by  Gauss ’ s  law 

eFa  =  q(Na  +  Na  ) 

where  Na  is  the  net  acceptor  density  per  unit  area  in  the 
GaAs  buffer  layer,  which  typically  is  of  the  order  of  10^3_ 
10^3  cm* 3.  Substituting  the  latter  into  the  previous  equation 
we  obtain  the  energies  of  the  first  two  subbands 

Eo  =  ao  (Ns+Na  )2/3 
El  =  ai  (Ns+Na  )2/3 

The  values  of  the  parameters  a©  and  ai  are  [22] 

a© 


2. 5x10"  *2  eV  m^  /  3 


Fig. 21  Band  diagram  of  a  modulation  doped  layer. 

ai  =  3.2x10-12  eV  m^  /  3 

A  satisfactory  approximation  is  achieved,  in  most  practical 
cases,  if  only  two  subbands  are  considered.  Then  the  carrier 
concentration  is  given  by 

kT  Er-Eo  Er-Ei 

Na  =  D  -  ln{[l+exp( - )][l+exp( - )]} 

q  kT  kT 

where  D  is  the  density  of  states  of  the  2DEG  which  is  deter¬ 
mined  from  cyclotron  effective  mass  measurements  [27] 

0=3.24x1011  m-2  V l . 

In  the  presence  of  the  Schottky  gate  the  surface  carrier  con¬ 
centration  is  given  by  [27] 

Ns(Vcs)  =  [Vcs-(®b-Vp+V(di  )-AEc  )  ] 

qdt 

where  V(di )  is  the  Fermi  potential,  that  is  the  distance  of 
the  Fermi  level  from  the  bottom  of  the  triangular  quantum 
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well  and  AEc  for  simplicity  is  measured  in  volts.  From  the 
above  equations  we  can  determine  the  relationship  between  the 
Fermi  potential  and  the  concentration  of  carriers  in  the  2DEG 
assuming  that  Eo  and  Ei  are  measured  from  the  bottom  of  the 
conduction  band  of  GaAs  at  the  heterointerface.  This  leads  to 
a  quadratic  equation  with  respect  to  exp[qV(di  )/kT]. 

The  charge  control  model  is  further  simplified  if  we 
assume  that  only  one  subband  is  populated  with  electrons. 

This  assumption  has  been  also  adopted  by  R.J.  Krantz  et.  al . 
[2]  and  by  B.K.  Janousek  et.  al .  [1]  for  the  study  of  neutron 
radiation  effects  in  HEMTs.  This  assumption,  in  fact,  is  not 
far  from  reality  for  a  HEMT  biased  close  to  the  threshold.  In 
this  case  we  arrive,  after  some  algebric  calculations,  to  a 
non  linear  relation  between  the  gate  v'oltage  and  the  carrier 
concentration 

qdt  Ns  kT  qNs 

Vcs  =  -  +  (4>b-AEc-Vp)  4  —  ln[exp( - )-l] 

e  q  DkT 

ao 

4  —  (N8  4Na  )2/3 

q 

This  relation  offers  a  satisfactory  approximation  for  carrier 
concentrations  bellow  about  5x10^^ cm- 2  and  allows  the  calcu¬ 
lation  of  three  parameters:  the  thickness  of  the  AlGaAs  donor 
layer,  the  pinch-off  voltage  and  the  net  acceptor  concentra¬ 
tion  in  the  buffer  layer.  Here  it  must  be  pointed  out  that 
the  interface  states  introduced  by  irradiation  are  accounted 
in  the  variation  of  the  donor  layer  pinch-off  voltage,  thus 
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Fig.  22  Dependence  of  the  <I>b  i -AEc -Vp  ,  which  represents  the 
AlGaAs  pinch-off  voltage,  on  the  radiation  dose  of 
(•)  structure  A,  (o)  structure  B  and  (x)  structure  C. 

in  the  net  donor  concentration  of  the  AlGaAs  layer. 

The  procedure  followed  in  our  case  was  to  define  before 
irradiation  the  parameters  dt  ,  ( <l>b -AEc -Vp  )  and  Na  .  Next  for 
all  radiation  doses  the  thickness  of  the  AlGaAs  layer  was 
kept  constant  and  the  other  were  determined.  The  experimental 
data  were  fitted  to  the  last  equation  using  a  least  square 
method.  The  effect  of  alpha  particle  radiation  dose  on  (4>b- 
AEc -Vp )  and  the  buffer  layer  net  acceptor  concentration  are 
presented  in  Fig. 22  and  Fig. 23  respectively. 

The  parameter  (4>b-AEc-Vp  )  is  directly  related  to  the 
net  donor  concentration  of  the  AlGaAs  donor  layer,  since  all 
the  other  parameters  are  not  affected  by  radiation.  In  all 
HEMTs  this  parameter  was  found  to  vary  almost  logarithmically 
with  the  radiation  dose.  Here  it  must  be  noted  that  the  dif- 
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0 

ness  of  the  AlGaAs  donor  layer  due  to  different  recess  depth 
in  each  device.  The  logarithmic  dependence  of  Vp  on  the  dose 
clearly  indicates  that  the  variation  of  the  pinch-off  voltage 
with  the  radiation  dose  is  not  caused  only  by  the  carrier  re¬ 
moval  in  the  AlGaAs  layer.  The  last  would  lead  to  a  linear 
relation  of  Vp  with  the  radiation  dose,  since  the  pinch-off 
voltage  is  given  by  Vp =qND dt ^ /2e .  So  the  almost  logarithmic 
relation,  which  in  fact  is  a  sublinear  one,  must  be  attribu¬ 
ted  to  other  effects  such  as  the  introduction  of  interface 
states  at  the  AlGaAs/GaAs  hetero junction  and  deep  traps  in 
the  AlGaAs  spacer.  Attempting  to  determine  the  carrier  remo¬ 
val  in  the  AlGaAs  we  can  first  consider  the  low  radiation  do¬ 
ses  where  the  variation  of  Vp  can  be  assumed  to  be  linear. 
From  there  the  degradation  parameter  was  found  to  have  an 
average  value  of  about  3x10" i^cm^  in  the  conventional  HEMTs 
and  on  those  with  an  AlGaAs  buffer  layer  and  about  10" ^^cm^ 
in  those  with  a  LT  donor  layer.  Further  taking  into  account 
the  results  from  the  hetero junctions  radiations  we  may  try  to 
estimate  the  dependence  of  the  degradation  parameter  on  the 
AlGaAs  doping  level.  For  this,  only  two  doping  levels  were 
used  that  is  2x10^® cm" ^  and  2x10^® cm" 3.  The  relationship  be¬ 
tween  pAicaAs  and  the  doping  level  was  found  to  be 
PAlGaAs(cm2)  =  7.7x10"^2nd-®  •  13 
which  in  fact  is  of  the  same  order  of  magnitude  with  that  of 
GaAs  and  shows  a  similar  power  law  dependence. 

The  net  acceptor  concentration  in  the  GaAs  buffer  layer 
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Fig. 23  Buffer  layer,  equivalent,  net  acceptor  concentration 
Na  per  unit  area  vs  radiation  dose  for:  (x)  structure 
A,  (o)  structure  B  and  (o)  structure  C. 

is  presented,  as  already  mentioned,  in  Fig. 23.  The  acceptor 
concentration  decreases  with  radiation  due  to  introduction  of 
of  deep  donors  which  turn  the  lightly  p-type  buffer  layer  in¬ 
to  a  more  intrinsic  one.  The  introduction  rate  of  deep  do¬ 
nors,  assuming  the  following  relation: 

dNA  =  3a  •  dD 

was  found  to  be  about  0.003  for  structure  A,  about  0.004  for 
B  and  0.0008  for  structure  C. 

The  reduction  of  the  net  acceptor  concentration  layer 
results  into  an  increase  of  the  depletion  region  in  the  GaAs 
buffer  layer  because  the  Fermi  level,  at  large  distances  from 
the  radiated  area,  remains  at  the  same  level.  So  the  electric 
field  at  the  heterointerface  decreases  and  this  causes  a 
lowering  of  the  subbands  into  the  quantum  well.  If  we  assume 
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that  at  threshold  the  concentration  of  the  2DEG  is  equal  to 
the  negative  of  the  acceptors  over  the  quantum  well  width  Na* 
[2],  the  first  subband  the  lowering  is  approximated  by 

2  dNA 
dEo  —  Eo 

3  Na 

The  subband  lowering  must  lead  to  an  increase  of  2DEG  if  the 
distance  of  the  Fermi  level  from  the  quantum  well  bottom  re¬ 
mains  constant  with  radiation. 

This  problem  is  complicated  due  to  the  simultaneous  in¬ 
troduction  of  defects  in  both  the  donor  and  buffer  layer.  In 
a  more  general  way  the  degradation  of  the  2DEG  can  be  studied 
by  using  the  relation 

qdt  Na  kT  qNs 

Vcs  -  -  ( 4>b -.AEc -Vp  )  +  —  ln[exp( - )-l] 

e  q  DkT 

ao 

+  -  (Ns+Na  )2/3 

q 

Under  an  arbitrary  constant  gate  bias,  well  above  threshold 
where  Ns>>Na*,  the  radiation  will  decrease  the  2DEG  concen¬ 
tration.  The  change  in  Ns  will  be  obtained  from 
qdt  kT 

0  =  -  dNa  -  dVp  +  —  d{ln[ exp{ qNs /kTD ) ] }  +  dEo 

e  q 

which  after  some  further  calculations  leads  to 

dt  1  exp  (qNs /kTD)  2 

[q( —  +  —  - )  +  -  Eo  ]  dNs  =  dVp 

e  D  exp(qNs/kTD)-l  3Ns 

where 


dVp  =  -  Vp  Daicsab  dD 
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D  (cm— 2) 

Fig. 24  Variation  of  threshold  voltage  and  the  contributions 
of  each  parameter  versus  the  He  ion  dose 

which  denotes  that  above  threshold  the  degradation  of  2DEG 
originates  from  the  decrease  of  the  AlGaAs  donor  layer  pinch- 
off  voltage.  In  order  to  determine  the  degradation  of  Vt h  we 
may  assume  that  at  threshold  the  channel  charge  density  is 
equal  to  the  local  acceptor  charge  density  Na  [2].  Then  the 
shift  of  the  gate  voltage  for  threshold  condition  (Vcst=Vth) 
is  given,  after  some  simplifications,  by 

kT  2  3a 

dVo  s  t  =  {-[ —  +  —  Eo  ]  —  +  Vp  3AiGaAs}  dD 
q  3  Na 

The  term  in  the  brackets  is  always  positive  and  denotes  an 
increase  of  threshold  voltage  with  the  radiation  dose.  The 
variation  of  the  threshold  voltage,  the  pinch-off  voltage  of 
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AlGaAs  donor  la3^er  and  the  shift  of  first  subband  towards  the 
bottom  of  the  quantum  well  versus  the  radiation  dose  are 
plotted  in  Fig. 24. The  parameters  used  in  Fig. 24  were  dt=350A, 
Nd =2x10^ ® cm" 3 ,  Na =3x10^ ® cm" 2 ,  3a =0.0035  and  3a i caAs =3x10" ^ ^ 
cm2  ,  ■j'jjg  comparison  of  the  contribution  of  each  parameter 
clearlj'  shows  that  the  second  parameter  in  the  bracket  pre¬ 
vious  equation  is  the  dominant  one. 

Table  6.  MESFET  pinch-off  voltage  and  degradation  parameters 


Structure 

Vpo  (V) 

3*  {  xlO"  ^  ^  cm2  ) 

3r  ( 10"  ^  3  cni2  ) 

MBE  GaAs  buffer 

3.12 

29.6 

0.74 

MBE  AlGaAs  buffer 

2.64 

49.8 

0.68 

Ion  Implanted 

1.70 

35.6 

3.46 

MBE  LT  buffer 

2.48 

10.4 

0.38 

3.4  Comparison  with  MESFETs 

The  effect  of  He  ion  radiation  on  HEMTs  was  further  co¬ 
mpared  to  that  on  MESFETs.  In  order  to  compare  the  radiation 
hardness  of  the  2D  and  the  3D  devices,  MESFETs  with  conven¬ 
tional,  AlGaAs  and  LT  GaAs  buffer  layers  were  fabricated.  In 
addition  ion  implanted  devices  were  used. 

The  comparison  of  the  radiation  hardness  of  the  MESFETs 
and  the  HEMTs  was  limited,  in  our  case,  on  the  variation  of 
the  threshold  voltage  and  the  source  series  resistance  with 
the  radiation  dose,  sice  these  parameters  affect  significant¬ 
ly  the  device  performance. 

In  the  case  of  MESFETs  the  pinch-off  voltage,  Vp ,  was 
found  to  decrease  linearly  with  the  radiation  dose.  The  va- 
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Dose  (1E12  cm  — 2) 

Fig. 25  Variation  of  pinch-off  voltage  with  radiation  dose  in 
different  structure  MESFETs 


+  MBE  GaAs  buffer 
»  MBE  AIGaAs  buffer 
A  Ion  ImpI 
o  MBE  LT  buffer 


Dose  (cm  — 2) 

Fig. 26  Variation  of  source  series  resistance  with  the 
radiation  dose 
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riation  of  Vp  with  the  He  ion  dose  may  be  approximated  by 
[28] 

Vp  =  Vpo  (1-P*D) 

The  variation  of  pinch-off  voltage  with  the  radiation  dose  is 
presented  in  Fig. 25  for  different  structure  MESFETs .  For  the 
same  structures,  both  Vpo  and  3*  are  presented  in  Table  6.  On 
the  other  hand  the  variation  of  the  normalized  source  series 
resistance  with  the  radiation  dose  is  shown  in  Fig. 26,  for 
different  MESFET  structures.  The  series  resistance  increases 
linearly  with  the  radiation  dose  the  corresponding  degrada¬ 
tion  parameters  3r  are  presented  also  in  Table  6. 

In  the  case  of  HEMTs  it  was  shown  that  the  parameter 
( 4>b -AEc -Vp  ) ,  which  is  almost  equal  to  the  threshold  voltage, 
varies  almost  linearly  with  the  radiation  dose.  It  was  also 
shown  that  the  corresponding  degradation  parameter  is  about 
3x10"^*  cm2  fQj.  structures  with  high  temperature  AlGaAs 

donor  layer  and  10* ^^cm^  for  those  with  low  temperature  donor 
layer.  In  the  case  of  MESFETs  the  degradation  parameter  of 
the  threshold  voltage  (table  6)  is  in  general  one  order  of 
magnitude  larger  than  that  of  HEMTs.  Only  in  the  case  of  the 
MESFETs  with  low  temperature  buffer  layers  the  degradation 
parameter  is  comparable  to  that  of  the  HEMTs.  From  the  point 
of  view  of  radiation  hardness  of  source  series  resista¬ 
nce,  MESFETs  (fig. 26),  excluding  the  ion  implanted  ones, 
show  a  slightly  better  performance  over  HEMTs  (fig. 20).  This 
difference  is  attributed  to  the  complex  structure  of  the  se¬ 
ries  resistance  of  HEMTs  which  includes  two  hetero junctions , 
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one  between  the  contact  and  donor  layer  and  the  other  between 
the  donor  and  the  buffer  layer. 

Comparing  these  results  we  can  conclude  that  the  radia¬ 
tion  hardness  of  HEMTs  is  higher  than  that  of  MESFETs  exclu¬ 
ding  the  MESFETs  which  are  fabricated  on  low  temperature  buf¬ 
fer  layers.  These  devices  exhibit  a  performance  comparable  to 
that  of  HEMTs. 

3 . 5  Conclusions 

In  conclusion  the  He  ion  radiation  degradation  of  HEMTs 
is  a  composit  effect.  Radiation  affects  all  layers  of  HEMT 
structure  and  the  degradation  of  each  layer  contributes  to 
the  overall  performance  degradation.  The  main  effects  of  ra¬ 
diation  are  summarised  bellow 

♦  Radiation  introduces  interface  states  or  increases  the 
density  of  the  already  existing  ones,  which  are  introdu¬ 
ced  by  MBE  growth  [29,30].  In  addition  the  displaced 
atoms  increase  the  heterointerface  roughness.  These  ef¬ 
fects  are  detected  by 

-  DLTS  assessment  method  and 

-  sublinear  increase  of  <I>b-AEc-Vp  parameter. 

The  introduction  of  interface  states  due  to  limited  ana¬ 
lysis  is  unavoidably  incorporated  in  the  degradation  of 
the  donor  layer  effective  doping 

♦  Radiation  shifts  decreases  the  2DEG  density  due  to  de¬ 
crease  of  donor  layer  effective  doping  and 

♦  shifts  the  device  threshold  voltage  due  to 
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-  decrease  of  effective  acceptor  density  in  the  buffer 
layer  and 

-  decrease  of  donor  layer  effective  doping 

*  Radiation  degrades  both  the  2DEG  mobility  and  saturation 
velocity  due  to 

-  increase  of  charged  defects  in  the  buffer  and  spacer 
layers  and 

-  increase  of  heterointerface  roughness 

*  The  device  performance  is  significantly  degraded  by  the 
increase  of  the  series  parasitic  resistances . This  effect 
is  attributed  to  the  complex  nature  of  the  series  resis¬ 
tance  and  becomes  important  at  He  ion  radiation  doses 
above  2x10^2  cm"  2. 

*  The  introduction  of  an  AlGaAs  buffer  layer  does  not 
improve  significantly  the  device  radiation  hardness 

*  The  use  of  a  low  temperature  grown  (LT)  AlGaAs  donor 
layer  improves  significantly  the  device  radiation  hard¬ 
ness,  although  the  pre-irradiation  performance  is  infe¬ 
rior  to  that  of  conventional  HEMTs . 

*  Finally  a  comparison  of  radiation  hardness  shows  that 
HEMTs  are  more  resistant  than  MESFETs.  Comparable  per¬ 
formance  to  that  of  HEMTs  show  the  MESFETs  which  are 
fabricated  on  low  temperature  buffer  layers. 
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4  NEUTRON  RADIATION 

4 . 1  Radiation  Effects  in  GaAs  Layers 

The  effect  of  neutron  radiation  in  GaAs  epitaxial  and 
ion  implanted  layers  has  been  studied  extensively  during  the 
last  two  decades  [31-37].  The  carrier  removal  rate  and  its 
dependence  on  the  background  doping  was  determined  by  Bethe 
and  Zuleeg  [31].  The  relation  connecting  the  damage  factor 
and  the  concentration  of  background  doping  NdVIs 

|3{cm2  )  =  T.ZxIO-^Nd-®  •  ” 

A  different  relation  was  proposed  recently  in  [38]  for  ion 
implanted  GaAs  layers.  In  the  present  work  we  shall  use  the 
one  of  Bethe  and  Zuleeg. 

Another  issue  is  the  electron  traps  that  are  introduced 
by  neutron  radiation.  Since  the  literature  on  this  area  is 
limited  [39|40]  we  have  investigated  the  traps  that  are  in¬ 
troduced  in  GaAs  and  attempted  to  discriminate  them  from  tho¬ 
se  which  are  introduced  in  AlGaAs. 

The  samples  used  in  this  investigation  were  MESFETs  fa¬ 
bricated  on  MBE  grown  layers  with  channel  carrier  concentra¬ 
tions  ranging  from  lO^’cm'^  to  10^®cm”3.  This  doping  level 
range  was  chosen  because  at  lower  ones  the  samples  become  se¬ 
mi-insulating  at  relatively  low  radiation  doses  [40].  Defect 
characterisation  was  performed  by  means  of  drain  current  DLTS 
measurements  in  MESFETs  with  gate  lengths  of  8ii,m  to  and 

widths  of  250M.m. 

The  trap  concentration  before  irradiation,  in  all  sam- 
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Fig. 27  DLTS  spectra  of  neutron  irradiatd  MESFETs.  The  con¬ 
tinuous  line  is  the  spectrum  before  irradiation,  the 
doted  line  after  a  dose  of  and  the  dashed 

line  after  a  dose  of  lO^^n/cm^ 

pies,  was  within  the  detection  limits  of  the  DLTS  system.  The 
DLTS  spectra  (fig.  27)  became  clear  at  radiation  doses  above 
10^ 5  cm- 2  and  showed  the  presence  of  a  feature  centered  around 
240K  and  a  normal  peak  at  375K,  for  a  rate  window  of  63s"i. 
These  two  traps  are  the  U-band  at  low  temperatures,  which  co¬ 
nsists  of  many  electron  traps  and  exhibits  several  shoulders, 
and  the  EL2  at  high  temperatures  [39,40]. 

4.2  Radiation  Effects  in  AlGaAs  Lavers 

In  the  case  of  AlGaAs  layers  the  effect  of  neutron  ra¬ 
diation  was  determined  from  HEMTs.  Devices  with  same  geometry 
like  that  of  MESFETs  were  employed.  The  carrier  removal  rate 


Fig. 28  DLTS  spectra  of  a  HEMT.  Doted  line  is  before  irradia¬ 
tion  and  continuous  line  after  a  dose  of  lO^^n/cm^ 

was  determined  from  the  variation  of  the  AlGaAs  donor  layer 
pinch-off  voltage  Vp  and  will  be  discussed  later  in  the  ap¬ 
propriate  paragraph. 

The  neutron  induced  traps  were  studied  by  the  drain 
current  DLTS  of  long  gate  HEMTs  and  typical  spectra  are  pre¬ 
sented  in  Fig. 28.  A  common  feature  of  all  spectra  was  the  do¬ 
minance  of  the  DX  centre  at  doses  up  to  Above  this 

radiation  level  two  new  traps  (T2  and  T3 )  emerged  gradually 
and  the  DX  centre  amplitude  decreased  due  to  the  rapid  de¬ 
crease  of  the  device  transconductance.  In  order  to  determine 
the  origin  of  the  new  traps  the  spectra  were  compared  to  tho¬ 
se  of  MESFETs.  The  comparison  showed  no  similarity  which  indi¬ 
cated  that  T2  and  T3  are  induced  in  the  AlGaAs  donor  layer. 
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Fig. 29  Arrhenious  plots  of  traps  T1-T3  and  their  nearest 
candidates 

This  is  also  supported  by  the  fact  that  the  electron  traps 
in  the  buffer  layer  show  their  presence  in  the  drain  current 
DLTS  spectra  as  minority  carrier  traps  since  only  their  cap¬ 
ture  process  is  monitored  during  the  signal  relaxation.  The 
Arrhenious  plots  of  the  DLTS  peaks  and  their  nearest  candida¬ 
te  are  presented  in  Fig. 29.  A  comparison  of  the  signatures  of 
T2  and  T3  with  those  of  E4  and  M4* ,  which  are  detected  in 
AlGaAs  suggests  that  T3  may  be  related  to  E4  while  there  in 
no  relation  between  the  T2  and  M4*'  .  It  was  not  possible  to 
draw  any  information  about  the  introduction  rate  of  T2  and  T3 
because  the  drain  current  transient  is  directly  related  to 
the  device  transconductance  [41]  which  degrades  rapidly  above 
10^  ®  n/cm^  . 
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4 . 3  Radiation  Ef f ects  in  HEMTs 

Neutron  radiation  gives  rise  displacenroent  defects.  In 
GaAs  these  defects  are  complex  and  are  attributed  to  the  Asca 
antisite  [42]  and  its  interaction  with  other  lattice  defects. 
In  AlGaAs  the  displacement  defects  can  reach  concentrations 
as  largre  as  that  of  the  DX  centre  (fig. 28)  as  revealed  by 
DLTS  assessment.  The  simultaneous  introduction  of  defects  in 
the  donor  and  the  buffer  layers  of  a  HEMT  decreases  the  2DEG 
concentration  and  mobility  so  the  device  performance  degrades 
rapidly.  In  order  to  investigate  the  neutron  irradiation  ef¬ 
fects  in  HEMTs  and  finally  to  compare  the  neutron  and  ion  ra¬ 
diation  effects  we  shall  follow  the  same  procedure  a  in  the 
case  of  He  ion  radiation.  The  structures  employed  in  the  stu¬ 
dy  of  neutron  radiation  were  the  structure  A  and  B.  No  stru¬ 
cture  C  was  available. 

I-V  Characteristics 

The  effect  of  neutron  irradiation  on  the  Ids-Vds  chara¬ 
cteristic,  of  liJLin  gate  length  devices,  is  shown  in  Figs.  30a 
and  30b  for  structure  A  and  B  respectively.  The  evolution  of 
the  I-V  characteristcs  with  the  radiation  dose  indicates  that 
the  device  performance  is  not  significantly  affected  for  ra¬ 
diation  doses  bellow  lO^^n/cm^.  Beyond  this  level  the  devices 
degradation  rate  becomes  significant  and  the  drain  saturation 
current  (fig. 31)  drops  to  almost  50%  of  its  pre-irrradiation 
value  at  a  total  dose  of  about  3x1015^1/^^2  in  all  structures, 
independently  whether  they  contain  or  not  an  AlGaAs  buffer 


Vds  (V) 

40  -q 


\ds  (V) 


Fig. 30  Dependence  of  Ids-Vds  (Vcs=0V)  characteristics  on  the 

radiation  dose  /  \ 

a.  Conventional  HEMT  ( - )  before  irradiation,  (•••) 

after  a  dose  of  lO^^n/cm^  and  (-  -)  after  a  dose 
of  1 , 7x101 ® n/cm^ 

b.  HEMT  whlth  AlGaAs  buffer  layer  ( - )  before  irra¬ 

diation,  (-••-)  after  a  dose  of  6xl0i * n/cm^ ,  (-•-) 
after  a  dose  of  SxlOiSn/cm^  and  (-  -)  after  a  dose 


of  6xl0i5n/cm2 
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Fig.  31  Depende.ice  of  the  drain  saturation  current  on  the 
radiation  dose  of  (♦)  conventional  and  (+)  AlGaAs 
buffer  layer  HEMTs . 

layer.  A  comparison  of  the  degradation  rates  of  these  stru¬ 
ctures  leads  to  the  conclusion  that  the  presence  of  an  AlGaAs 
buffer  layer  seems  to  play  a  minor  role  on  the  device  radia¬ 
tion  hardness. 

As  already  mentioned  in  the  study  of  He  ion  radiation, 
the  degradation  of  the  Ids-Vds  characteristics  may  result 
from: 

a)  the  decrease  of  the  2DEG  carrier  concentration 

b)  the  decrease  of  the  mobility  or  saturation  velocity, 
when  the  device  operates  in  the  linear  or  saturation 
region 

c)  the  increrase  of  the  threshold  voltage 

d)  the  increase  of  the  source  series  resistance. 

The  effect  of  radiation  on  the  Ids-Vgs  characteristics 
become  more  evident  by  studying  the  transconductance  ones 
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Fig. 32  Effect  of  neutron  irradiation  on  the  transconductance 
characteristics 

*  Conventional  HEMT  in  (a)  the  saturation  and  (b) 

the  linear  region  of  operation.  ( - )  before  irra¬ 
diation,  (•••)  after  and  (-  -)  after 

1 . 7x10^  ®  n/cm^ 

*  HEMT  with  AlGaAs  buffer  layer  in  (c)  the  satura¬ 
tion  and  (d)  the  linear  region  of  operation.  ( - ) 

before  irradiation,  (  -•  •  )  after  6xl0i^n/cm2  and 

(-  -)  after  10^®n/cm2 
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(fig .32).  The  transconductance  characteristics  in  the  linear 
region  of  operation  (fig. 32b  and  d)  show  that  neutron  radia¬ 
tion  causes  in  both  structures,  A  and  B,  an  increase  of  thre¬ 
shold  voltage,  a  decrease  of  the  charge  control  efficiency 
and  the  2DEG  mobility.  The  gate  bias  for  Gm  maximum  remains 
constant  for  doses  not  exceeding  3x10^ ^n/cm^  while  the  Gm 
magnitude  decreases  with  the  increasing  dose.  So  in  the  case 
of  neutron  radiation,  as  in  the  case  of  He  ions,  the  maximum 
efficiency  of  charge  control  of  the  2DEG  does  not  shift  with 
radiation.  Above  this  radiation  level  the  Gm  charactersistics 
shift  to  more  positive  gate  voltages  and  the  transconductance 
collapse  at  doses  larger  than  10^®n/cm2,  Here  it  must  be  poi¬ 
nted  that  the  threshold  voltage  of  heavily  irradiated  devices 
lies  very  close  to  the  gate  bias  of  Gm  maximum.  This  in  con¬ 
nection  with  the  very  low  Gm  values  indicates  that  the  2DEG 
charge  control  effitiency  is  very  low  or  even  absent,  due  to 
the  absence  of  the  2DEG  itself.  The  last  suggest  that  at  lar¬ 
ge  radiation  doses  the  devices  do  not  operate  like  HEMTs  but 
rather  like  MESFETs  and  the  measured  I-V  and  Gm  characteri¬ 
stics  originate  from  the  AlGaAs  parasitic  MESFET.  Similar 
conclusions  are  drown  from  the  Gm  characteristics  of  the  sa¬ 
turation  region  {fig. 32a  and  c). 

At  saturation  the  peak  transconductance  decreases  also 
due  to  increase  of  channel  roughness.  This  is  because  the 
2DEG  are  scattered  mainly  by  the  channel  roughness  w^hich  in¬ 
creases  with  radiation.  The  effect  of  increase  of  channel 
roughness  has  been  studied  through  the  variation  of  the  satu- 
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Fig. 33  Dependence  of  the  ratio  of  saturation  velocity  to  its 
pre-irradiation  value  on  the  radiation  dose 

ration  velocity  with  the  radiation  dose.  The  ratio  of  the  ve¬ 
locity  after  irradiation  to  its  pre-irradiation  one  (vs/vso) 
is  plotted  for  both  structures  in  Fig. 33.  The  increase  of  the 
of  the  hetero- junction  interface  roughness  is  caused  by  neu¬ 
tron  induced  atom  displacement.  The  interface  roughness  was 
not  followed  by  an  increase  of  density  of  interface  states  as 
in  the  case  of  He  ion  radiation  (fig. 17).  This  may  be  attri¬ 
buted  to  the  fact  that  at  the  same  temperatures  an  electron 
trap,  T2  in  Fig. 28,  emerges  and  covers  the  minority-like  spe¬ 
ctrum  of  the  interface  traps. 

The  other  parameters  that  affect  the  I-V  and  Gm  chara- 
cterlstivs,  like  the  threshold  voltage  shift  and  the  decrease 
of  AlGaAs  pinch-off  voltage,  will  be  discussed  further  in  the 
charge  control  section. 
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I-T  Characteristics 

In  HEMTs  the  drain  current  increases  when  the  tempera¬ 
ture  decreases.  In  these  structures  the  dominant  scattering 
mechanism  is  on  phonons  which  leads  to  a  significant  increase 
of  mobility  and  hence  the  conductivity  when  the  temperature 
decreases  (fig. 34  curve  a).  The  latter  is  valid  if  the  2DEG 
does  not  vary  significantly  with  temperature.  At  room  tempe¬ 
rature  the  leading  scattering  mechanism  is  on  phonons,  so 
there  the  effect  of  radiation  is  less  prominent.  The  introdu¬ 
ction  of  lattice  defects  in  the  buffer  and  spacer  layers, with 
radiation,  increases  the  concentration  of  charged  centers 
which  in  turn  increase  the  scattering  on  ionized  impurities 
that  decrease  the  2DEG  mobility  and  carrier  concentration  by 
traping  at  low  temperatures.  Both  mechanisms  lead  to  a  de¬ 
crease  of  device  current  at  low  temperatures.  At  low  radia¬ 
tion  doses  (fig. 34  curve  b)  these  effects  are  less  prominent 
and  the  device  current  collapses  at  low  temperatures  mainly 
due  to  the  presence  of  the  DX  center.  At  large  radiation  do¬ 
ses  (fig. 34  curve  c)  the  lattice  defects  are  the  leading  ones 
and  the  device  drain  current  vanishes  gradually  with  the  tem¬ 
perature  decreasing.  The  effect  of  carrier  traping  is  the  do¬ 
minant  mechanism  at  high  radiation  doses,  above  6x10^ ^n/cm^, 
and  this  is  supported  by  the  fact  that  the  temperature  depen¬ 
dence  of  the  drain  current  shows  two  slopes  (fig. 34  curve  c) 
thus  indicating  two  trapping  mechanisms.  Taking  into  account 
that  at  these  2 arge  radiation  doses  the  devices  behave  like 
an  AlGaAs  MESFETs  we  estimated  the  activation  energies  of  the 
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Fig. 34  Temperature  dependence  of  drain  current  (a)  before 
irradiation  and  after  a  doses  of  (b)  GxlO^^n/cm^ 

(c)  1 . 7x10^ ® n/cm^ 

MESFET  channel  conductance.  In  the  high  temperature  region 
the  activation  energy  was  found  to  be  about  0.18eV  which 
coincides  with  that  of  trap  El  (0.19eV)  that  is  introduced  in 
AlGaAs  by  radiation.  In  the  low  temperature  region  the  ac¬ 
tivation  energy  was  found  to  be  about  0.05eV.  No  such  trap 
was  found  in  the  literature  since  its  DLTS  spectra  might  be 
located  at  temperatures  well  bellow  that  of  liquid  nitrogen. 

Ns-V  Characteristics 

The  concentration  of  the  2DEG  was  calculated  from  C-V 
measurements  of  FATFET  gate  capacitance.  Experimental  results 
are  presented  in  Fig. 35.  In  the  lower  part  of  each  Ns-V  cha¬ 
racteristic  the  concentration  is  determined  by  the  2DEG  while 
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Fig. 35  Sheet  carrier  concentration,  including  that  of  the 

AlGaAs  donor  layer,  vs  gate  bias  ( — )  before  irradia¬ 
tion,  (-••-)  after  a  dose  of  exlO^^n/cm^  and  ("  "  "  ) 
after  a  dose  of  lO^^n/cm^ 


in  the  upper  part  there  is  always  a  contribution  from  the 
AlGaAs  donor  layer.  The  2DEG  concentration  degrades  with  in¬ 
creasing  the  radiation  dose.  Exploatation  of  these  results 
will  be  done  later  in  the  charge  control  model  section.  From 
the  Ns-V  characteristics  the  2DEG  degradation  parameter  was 
estimated  to  be  about  6x10* 


Mobility  degradation 

In  order  to  obtain  a  better  insight  on  the  neutron  indu¬ 
ced  degradation  in  HEMTs ,  the  efficiency  of  the  screening  ef¬ 
fect  on  carrier  scattering  was  further  investigated.  So  the 
dependence  of  the  device  drift  mobility  on  the  sheet  carrier 


(cm2/V  sec) 
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Fig, 36  Dependence  of  mobility  on  sheet  carrier  concentration 
of : 

(a)  structure  A  ( - )  before  irradiation,  (•••  )  after 

a  dose  of  GxlO^^n/cm"^ ,  ("  ■  *  )  after  a  dose  of 
3x10^  5  n/cni' 2  and  (-•-•-)  after  a  dose  of 

6x10^5  n/cm" 2 

(b)  structure  B  ( - )  before  irradiation,  (•  •  *  )  after 

a  dose  of  6x10^ ^ n/cm” 2 ,  {••• )  after  a  dose  of 
3x10^5 n/cm” 2  and  (-  -  -)  after  a  dose  of 

6x10^  5  n/cm”  2 

In  all  cases  the  mobility  drop  above  ns =2x10^ 2  cm” 2  is 
due  to  parallel  conduction  in  the  AlGaAs  donor  layer 


concentration  was  determined  at  various  radiation  doses.  The 
mobility  was  determined  by  applying  the  previously  described 
method . 

Typical  p-Ns  characteristics,  obtained  for  several  ra¬ 
diation  doses  are  persented  in  Fig. 36.  A  common  feature  of 
the  (x-Ns  characteristics  is  that  the  mobility  increases  with 
increasing  Ns  and  this  is  due  to  the  effect  of  gradual  in¬ 
crease  of  screening.  The  results  from  HEMTs  with  conventional 
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Fig. 37  Dependence  of  the  normalized  mobility,  to  its  pre-ir¬ 
radiation  value,  on  the  radiation  dose. 

buffer  layers  (fig. 36a)  and  those  with  an  additional  AlGaAs 
buffer  layer  (fig. 36b)  show  that  the  introduction  of  the  ad¬ 
ditional  buffer  layer  does  not  improve  the  device  neutron  ra¬ 
diation  hardnes  from  the  point  of  view  of  carrier  mobility. 

The  dependence  of  the  normalized  mobility,  to  its  pre¬ 
irradiation  value,  on  the  radiation  dose  is  shown  in  Fig. 37. 
In  both  structures  the  mobility  decreases  linearly  with  the 
radiation  dose.  The  very  low  mobility  values  above 
6xl0^®n/cm2  must  be  attributed  to  a  partial  contribution  from 
the  AlGaAs  donor  layer  due  to  low  concntration  of  2DEG.  The 
corresponding  degradation  parameter  in  structures  A  and  B  was 
found  to  be  SxlO-i'^cm^  and  1.2xl0"^®cm^  respectively,  indica¬ 
ting  again  that  the  insertion  of  an  additional  AlGaAs  buffer 
layer  does  not  improve  the  device  total  dose  radiation  hard- 
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ness . 

Series  Resistance  degradation 

In  the  present  study  we  have  assumed  that  the  series 
resistances  of  HEMTs  are  ohmic  and  the  study  is  limited  on 
the  data  obtained  from  the  linear  region  of  operation.  For 
reasons  described  in  the  chapter  of  He  ion  radiation  we  stu¬ 
died  the  variation  of  series  resistance  normalized  magnitude 
with  the  radiation  dose.  The  variation  of  the  normalized  sou¬ 
rce  resistance  of  each  structure  used  in  this  project  is  pre¬ 
sented  in  Fig. 38.  From  there  it  becomes  obvious  that  the  in- 


Fig.38  Variation  of  the  normalized  Rsd/Rsdo,  to  their  values 
before  radiation,  parasitic  resistances  vs  radiation 
dose;  (+)  for  structure  A  and  (♦)  for  structure  B. 

troduction  of  an  AlGaAs  buffer  layer  does  not  affect  the  neu¬ 


tron  radiation  hardnes  of  HEMTs. 
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The  series  resistance  increases  linearly  with  the  neu¬ 
tron  dose.  The  large  value  of  degradation  parameter,  about 
3xl0^®cm"2,  is  attributed  to  the  simoul taneuous  decrease  of 
the  2DEG  carrier  concentration  and  the  degradation  of  the  mo¬ 
bility.  Another  reason  for  the  fast  degradation  is  the  speci¬ 
fic  structure  of  the  series  resistances  which  contain  a  hete¬ 
rojunction  which  tunneling  resistance  can  be  strongly  affec¬ 
ted  by  the  damage  introduced  by  neutrons. 

Charge  Control  Model 

In  order  to  study  the  neutron  radiation  effects  in 
HEMTs  we  have  applied  the  charge  control  model  described  in 
the  previous  chapter.  As  already  mentioned  the  2DEG  carrier 
concentration  is  given  by 

c 

NsCVgs)  =  -  [Vcs-(<I>b-Vp-AEc  )-V(di  )  ] 

qdt 

where  the  meaning  of  each  parameter  is  known. 

The  charge  control  model  is  further  simplified,  after 
some  algebric  calculations,  leads  to 

qdt  Ns  kT  qNs 

Vos  =  -  +  ($b-AEc-Vp)  +  —  ln[exp( - )-l] 

e  q  DkT 

ao 

+  —  (Ns+Na  )2  /  3 

q 

which  works  satisfactory  for  carrier  concentrations  bellow 
about  5x10^^ cm" 3.  a  fitting  of  the  experimental  Ns -Vos  data 
to  the  above  equqtion  alows  the  calculation  of  three  parame- 


metersi  that  is:  the  thickness  of  the  AlGaAs  donor  layer,  the 
pinch-off  voltage  and  the  net  acceptor  concentration  in  the 
buffer  layer.  The  interface  states  introduced  by  irradiation 
are  accounted  in  the  variation  of  the  donor  layer  pinch-off 
voltage,  thus  in  the  net  donor  concentration  of  the  AlGaAs 
layer . 


D  (n/cm2) 

Fig.  39  Dependence  of  the  4>b -AEc -Vp  ,  which  represents  the 
AlGaAs  pinch-off  voltage,  on  the  radiation  dose  of 
(+)  structure  A  and  (♦)  structure  B. 

The  effect  of  alpha  particle  radiation  dose  on  (4>b-AEc- 
Vp )  and  the  buffer  layer  net  acceptor  concentration  Na  are 
presented  in  Fig. 39  and  Fig. 40  respectively. 

The  parameter  (4>b-AEc-Vp)  is  directly  related  to  the 
net  donor  concentration  of  the  AlGaAs  donor  layer,  since  all 
the  other  parameters  are  not  affected  by  radiation.  In  all 
HEMTs  this  parameter  was  found  to  vary  linearly  with  the  ra¬ 
diation  dose.  The  linear  dependence  of  Vp  agrees  well  with 
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the  results  presented  by  R.J.  Krantz  et  al  in  [2]  and  clearly 
indicates  that  the  variation  of  the  pinch-off  voltage  with 
the  radiation  dose  is  caused  mainly  by  the  carrier  removal  in 
the  AlGaAs  layer.  From  this  the  degradation  parameter  of  the 
AlGaAs  donor  layer  was  found  to  have  an  average  value  of 

PAlGaAs-n  =  10^® cm* 2 

with  a  dispersion  cf  about  +25%  which  did  not  depend  on  the 
device  structure. 


Fig. 40  Buffer  layer,  equivalent,  net  acceptor  concentration 
Na  per  unit  area  vs  radiation  dose:  (+)  for  structure 
A  and  (*)  for  structure  B. 

The  net  acceptor  concentration  in  the  GaAs  buffer  layer 
is  presented,  as  already  mentioned,  in  Fig. 40.  The  acceptor 
concentration  decreases  with  radiation  due  to  introduction  of 
of  deep  donors  which  turn  the  lightly  p-type  buffer  layer  in¬ 
to  a  more  intrinsic  one.  The  introduction  rate  of  deep  do- 


Fig. 41  Variation  of  threshold  voltage  and  the  contributions 
of  each  parameter  versus  the  He  ion  dose 

nors,  assuming  the  following  relation: 

dNA  =  3a  •  dD 

was  found  to  be  about  1.2xl0'^  for  structure  A  and  about 
5.4x10"^  for  structure  B.  The  smaller  carrier  removal  rate, 
observed  in  structures  B,  may  be  attributed  to  the  negative 
charge  that  is  accumulated  at  the  GaAs/AlGaAs  hetero junction 
of  the  buffer  layers. 

The  variation  of  the  threshold  voltage,  the  pinch-off 
voltage  ot  AlGaAs  donor  layer  and  the  shift  of  first  subband 
towards  the  bottom  of  the  quantum  well  versus  the  radiation 
dose  are  plotted  in  Fig. 24.  The  parameters  used  in  Fig. 41 
were  dt=350A,  Nd  =2x10^  «  cm- 3  ,  Na  =3x10^  »  cm- 2  ,  3a=1.2x10-6 

ai.i  3a  1  oa  A  8  =10- 3  6  cm- 2  .  The  comparison  of  the  contribution  of 
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each  parameter  clearly  indicates  that  the  donor  layer  pinch- 
off  voltage  is  is  the  dominant  one. 


Table  7.  MESFET  and  HEMT  threshold  voltage  and  series 
resistance  degradation  parameters 


Structure 

Ref 

(3*  (10-i6cni2  ) 

3r  ( 1 0"  1  ®  cm2  ) 

HEMT 

GaAs  buffer 

* 

1.3 

3 . 0 

AlGaAs  buffer 

* 

0.8 

3.0 

SL  buffer 

1 

1 .  4 

- 

GaAs  buffer 

2 

2.0 

- 

MESFET 

MBE  GaAs  buf. 

♦ 

0.9 

5.2 

MBE  AlGaAs  buf. 

» 

1.2 

8.4 

Ion  Implanted 

* 

1.2 

1.5 

Ion  Implanted 

43 

1.7 

- 

Ion  Implanted 

44 

2.5 

- 

Ion  Implanted 

45 

3.5 

- 

Ion  Implanted 

46 

3.8 

- 

VPE 

47 

5-0 

_ 1 

88 

*  Data  from  present  work 


4.4  Comparison  with  MESFETs 

The  effect  of  neutron  radiation  on  HEMTs  was  further 
compared  to  that  on  MESFETs.  The  comparison  of  radiation  har¬ 
dness  of  2D  and  3D  devices  included  devices  with  GaAs  and 


AlGaAs  buffer  layers.  Additional  ion  implanted  ones  were  used 
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as  also  data  from  literature.  The  comparison  of  the  radiation 
haroz  ^ss  of  the  MESFETs  and  the  HEMTs  was  limited  on  the  va¬ 
riation  of  the  threshold  voltage  and  the  source  series  resis¬ 
tance  with  the  radiation  dose,  sice  these  parameters  affect 
significantly  the  device  performance.  The  results  are 
summarised  in  Table  7. 

Comparing  these  results  we  can  conclude  that  the  radia¬ 
tion  hardness  of  HEMTs  from  the  point  of  view  of  threshold 
voltage  is  slightly  higher  than  that  of  MESFETs.  From  the 
point  of  view  of  series  resistance  the  radiation  hardness  of 
HEMTs  is  similar  to  that  of  MESFETs. 

4 , 5  Conclusions 

In  conclusion  the  neutron  radiation  degradation  of 
HEMTs  is  a  composit  effect.  Radiation  affects  all  layers  of 
HEMT  structure  and  the  degradation  of  each  layer  contributes 
to  the  overall  performance  degradation.  The  main  effects  of 
radiation  is  summarised  bellow 

*  The  neutron  displaced  atoms  increase  the  heterointerface 
toughness.  The  introduction  of  interface  states  due  to 
limited  analysis  is  unavoidably  accounted  for  the  degra¬ 
dation  of  the  donor  layer  effective  doping 

*  Radiation  decreases  the  2DEG  density  due  to  the  decrease 
of  the  donor  layer  effective  doping 

*  Neutron  irradiation  shifts  the  device  threshold  voltage. 
-  The  contribution  of  the  buffer  layer  to  the  shift  of 

the  threshold  voltage  is  attributed  to  the  decrease  of 
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effective  acceptor  density  due  to  introduction  of  deep 
electron  traps  such  as  the  EL2  and  U-band  levels 

-  The  contribution  of  the  donor  layer  to  the  shift  of 
the  threshold  voltage  is  attributed  to  the  decrease  of 
decrease  of  donor  layer  effective  doping  due  to  intro¬ 
duction  of  four  electron  traps.  Two  of  them,  the  dee¬ 
per  ones,  are  assigned  as  the  E4  and  M4*  while  the 
presence  of  the  shallower  ones  can  be  detected  from 
the  temperature  dependence  of  the  device  drain  current 

*  Radiation  degrades  both  the  2DEG  mobility  and  saturation 
velocity  due  to 

-  increase  of  charged  defects  in  the  buffer  and  spacer 
layers,  that  is  the  increase  of  ionized  impurity  scat¬ 
tering  and  the 

-  increase  of  heterointerface  roughness  which  decreases 
the  saturation  velocity 

*  The  device  performance  is  significantly  degraded  from 
the  increase  of  the  series  parasitic  resistances . This 
rapid  increase  may  be  attributed  to  the  complex  nature 
of  ‘  "the  series  resistance  and  becomes  important  at  neu¬ 
tron  radiation  doses  larger  than 

*  The  introduction  of  an  AlGaAs  buffer  layer  does  not  seem 
to  cause  an  important  improve  of  radiation  hardness 

*  Finally  a  comparison  of  radiation  hardness  shows  that 
HEMTs  are  slightly  more  resistant  than  MESFETs  to  neu¬ 


tron  radiation. 


5 


GAMMA  RAY  RADIATION 

The  gamma  rays  generate  electron-hole  pairs,  photoelec¬ 
tric  effect,  or  interact  with  electrons  through  Compton  ef¬ 
fect  or  give  rise  to  pair  production  according  to  their  pho¬ 
ton  energy.  The  three  types  of  photon  interactions  in  fun¬ 
ction  of  the  absorbing  material  and  the  photon  energy  is  pre¬ 
sented  in  Fig. 42. 


T  •  photoelectric 
cross-section 

0  ■  Compton  cross- 
section 

<  ■  pair-production 
cross-section 


Fig. 42  Gamma  rays  interactions  in  function  of  the  absorbing 
*  material  and  the  photon  energy 


5.1  Radiation  Effects  in  GaAs  Lavers 

The  effect  of  gamma  ray  radiation  in  GaAs,  bulk  and 
epitaxial  layers,  has  been  studied  extensively  during  the 
last  two  decades  [48-52],  The  Co60  gamma  ray  Compton  elec¬ 
trons  have  energies  of  about  0.6MeV  that  lies  above  the  thre¬ 
shold  enerdy  for  displacement  damage  in  GaAs  [53].  Low  dose 
gamma  rays  induce  in  GaAs  a  very  shallow  donor  which  lies 
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about  20meV  bellow  the  conduction  band  while  at  higher  doses 
a  deep  acceptor  is  induced  which  lies  about  0,13eV  from  the 
conduction  band  [36].  The  introduction  of  this  shallow  donor 
is  in  good  agreement  with  the  IMeV  electron  radiation  induced 
donor  [54,55],  30meV  bellow  the  conduction  band,  and  the  of¬ 
ten  reported  improvement  of  device  performance  which  have 
been  subjected  to  low  gamma  raj’  radiation  doses  [44].  In  pra¬ 
ctice  the  effect  of  Co60  gamma  ray  radiation  in  GaAs  is  har¬ 
dly  noticeable  at  doses  bellow  10’ rad  in  epitaxial  layers, 
w’hile  there  is  a  synergetic  effect  in  post  neutron  irradiated 
[44]  or  ion  implanted  ones  [15]  layers.  The  carrier  removal 
in  MBE  GaAs  layers  may  be  described  by  the  empirical  equation 
[52] 

AN(cm-3 )  =  9.92x105  ^  ’ 

which  does  not  depend  on  the  initial  carrier  concentration  No 
as  long  as  no  synergetic  effects  occour.  In  the  other  cases 
the  degradation  rate  is  higher. 

In  order  to  determine  the  traps  that  are  induced  by  gam¬ 
ma  rays  irradiation,  MESFETs  were  irradiated  with  doses  up  to 
3x10’ rad.  The  DLTS  measurements  performed  on  the  irradiated 
devices  revealed  the  introduction  of  the  E3  [57,58]  trap  with 
an  activation  energy  of  0.35eV,  which  is  in  good  agreement 
with  the  0.32eV  dominant  trap  reported  by  Aono  et.al.  [56]. 

On  the  other  hand  MCTS  measurements  revealed  the  introduction 


of  the  H4  hole  trap  [57],  Finally  a  slight  increase,  within 
error  limits,  of  EL2  concentration  was  observed.  The  latter 
was  observed  in  ion  implanted  MESFETs  [15]  and  it  may  be 
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attributed  to  interactions  with  other  already  existing  back¬ 
ground  defects. 

5.2  Radiation  Effects  in  AlGaAs  Lavers 

In  the  case  of  AlGaAs  layers  the  effect  of  gamma  ray 
radiation  was  investigated  from  the  HEMT  donor  layers.  Devi¬ 
ces  with  same  geometry  like  that  of  MESFETs,  20pLm  gate  length 
and  250M.m  gate  width,  were  assessed  with  DLTS  method.  The 
spectra  before  and  after  irradiation  are  presented  in  Fig. 43 
and  shows  no  difference  thus  denoting  that  the  concentration 
of  induced  traps  is  extremely  low.  Such  a  behavior  can  be 
justified  if  a  similar  equation  for  carrier  removal  holds  in 
AlGaAs  like  in  GaAs  where  the  carrier  removal  is  independent 
of  the  background  doping  [51], 


T  (K) 

Fig. 43  DLTS  spectra  of  a  HEMT.  Continuous  line  is  before  ra¬ 
diation  and  doted  line  is  after  a  dose  of  3x10’ rad. 
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The  carrier  removal  rate  was  furhter  investigated  from  the 
variation  of  the  AlGaAs  donor  layer  pinch-off  voltage  Vp  and 
that  will  be  discussed  later  in  the  appropriate  paragraph. 

5 . 3  Radiation  Effects  in  HEMTs 

Gamma  rays  give  rise  displacenment  defects  through 
Compton  electrons,  which  in  GaAs  are  point  defects.  In  the 
AlGaAs  donor  layer  the  displacement  defects  were  not  detected 
at  doses  up  to  3x10’ rad.  The  simultaneous  introduction  of  de¬ 
fects  in  the  donor  and  the  buffer  layers  of  a  HEMT  affects 
the  2DEG  concentration  and  mobility  so  the  device  performance 
degrades.  In  order  to  investigate  the  ef-fect  of  gamma  rays 
in  HEMTs  we  followed  the  same  procedure  as  in  the  previous 
cases.  The  structures  employed  in  this  study  were  the  A  and  B 
ones . 

I-V  Characteristics 

The  effect  of  gamma  ray  irradiation  on  the  Ids-Vds  cha¬ 
racteristic  HEMTs  is  shown  in  Figs. 44a  and  44b  for  structure 
A  and  B  respectively.  In  these  devices  no  significant  change 
was  observed  bellow  10® rad  so  the  pre- irradiadion  and  the 
highest  dose  post-irradiation  characteristics  are  presented. 
The  evolution  of  the  I-V  characteristcs  with  the  radiation 
dose  indicates  that  the  device  performance  degrades  by  about 
12%  for  structure  A  and  9%  for  structure  B  at  a  dose  of 
10’ rad.  The  results  in  Fig. 44  are  in  good  agreement  with  tho¬ 
se  of  O’Loughlin  [3].  Also  our  experiments  show  a  much 
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higher  degradation  than  the  one  reported  by  Listvan,  Void  and 
Arch  in  [ 4 ] . 

A  comparison  of  the  degradation  rates  of  these  structu¬ 
res  leads  to  the  conclusion  that  the  presence  of  an  AlGaAs 
buffer  layer  seems  to  improve  the  device  radiation  hardness. 
This  conclusion  is  also  supported  by  the  fact  that  X-ray 
flash  experiments  performed  by  Anderson  et.al.  [59]  showed 
that  HEMTs  with  AlAs/GaAs  superlattice  buffer  layers  exhibi¬ 
ted  a  radiation  hardness  of  two  order  of  magnitude  higher 
than  conventional  ones  with  structures  similar  to  that  of  A 
in  the  present  report. 

The  effect  of  radiation  on  the  Ids-Vcs  characteristics 
become  more  evident  by  studying  the  Gm-Vos  ones  (fig.45).  The 
transconductance  characteristics  in  the  linear  region  of  ope¬ 
ration  decreases  by  about  13%  in  structure  A  and  9%  in  B  at  a 
dose  of  iC^rad.  In  addition  Fig.45  shows  that  gamma  radiation 
causes  an  increase  of  threshold  voltage  of  structures  B.  So 
the  gate  bias  for  Gm  maximum  remains  constant  with  radiation 
in  structure  A  while  it  shifts  towards  more  negative  gate 
bias  levels  in  structure  B,  the  shift  being  about  O.lVolt  for 
a  dose  of  10’ rad.  The  decrease  of  transconductance  maximum  is 
be  attributed  to  a  decrease  of  2DEG  concentration  and  mobili¬ 
ty.  Similar  is  the  behavior  of  the  saturation  transconductan¬ 
ce  characteristics.  There  for  radiation  doses  up  to  10’ rad  we 
did  not  observe  in  structure  A  any  shift  of  transconductance 
peak  towards  more  positive  gate  bias  levels  while  in  structu¬ 
re  B  devices  the  shift  was  about  O.lVolt.  This  effect  can  be 


Vgs  (V) 


Vgs  (V) 
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Fig .  45 


Effect  of  gamma  ray  irradiation  on  the  transconducta 
nee  characteristics 

♦  Conventional  HEMT  in  (a)  the  saturation  and  (b) 

the  linear  region  of  operation.  (••• )  before  irra 
diation  and  ( - )  after  10'^  rad 

♦  HEMT  with  AlGaAs  buffer  layer  in  (c)  the  satura¬ 
tion  and  (d)  the  linear  region  of  operation.  ( - 

before  irradiation,  (•••  )  after  3x10® rad  and 

(-  -)  after  10’ rad 
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explained  by  an  increase  of  electron  concentration  in  the 
2DEG  which  may  be  related  with  the  the  presence  of  the  AlGaAs 
buffer  layer  in  structure  B. 

I-T  Characteristics 

In  HEMTs  the  drain  current  increases  when  the  tempera¬ 
ture  decreases  because  due  to  spatial  separation  of  donors 
and  carriers  the  dominant  scattering  mechanism  is  on  phonons 
which  leads  to  a  significant  increase  of  mobility  and  hence 
the  conductivity  when  the  temperature  decreases.  The  latter 
is  valid  if  the  2DEG  does  not  vary  significantly  with  tempe¬ 
rature.  The  introduction  of  lattice  defects  in  the  buffer  and 
spacer  layers, with  radiation,  increases  the  concentration  of 
charged  centers  which  in  turn  increase  the  scattering  on  io¬ 
nized  impurities  that  decrease  the  2DEG  mobility  and  carrier 
concentration  by  traping  at  low  temperatures.  Both  mechanisms 
lead  to  a  decrease  of  device  current  at  low  temperatures.  The 
effect  of  gamma  ray  radiation  in  HEMT  is  presented  in  Fig. 46a 
for  structure  A  and  Fig. 46b  for  structure  B,  before  and  after 
a  totoal  dose  of  10’ rad.  In  both  figures  the  gamma  ray  radia¬ 
tion  decreases  slightly,  by  about  3%,  the  device  current  whi¬ 
le  it  does  not  affect  the  current-temperature  slope.  To  a 
first  approach  the  decrease  of  current  can  be  atributed  to  a 
simultaneous  decrease  of  2DEG  concentration  and  mobility.  On 
the  other  hand  the  absence  of  change  in  the  slope  of  the  I-T 


Ids  (mA) 
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characteristics  suggests  that  the  increase  of  ionized  impuri¬ 
ty  scattering  is  still  low  and  the  decrease  of  current  may  be 
attributed  to  rather  a  decrease  of  carrier  concentration. 

This  is  supported  from  the  evolution  of  Ns -V  and  ^"Ns 
characterist iques  w’ith  the  radiation  as  will  be  shown  later. 

Ns-V  Characteristics 

The  concentration  of  the  2DEG  was  calculated  from  C-V 
measurements  of  FATFET  gate  capacitance.  Typical  experimental 
results  are  presented  in  Fig. 47.  At  a  gate  bias  where  Gm  at¬ 
tains  maximum  the  2DEG  concentration  decreases  by  about  30% 
for  a  total  dose  of  10’ rad.  This  decrease  of  Ns  is  very  large 
and  it  can  be  justified  if  we  assume  that  dose  enhancement 
occurs  [50]  due  to  high  Z  materialsused  for  the  gate,  source 


Fig. 47  Sheet  carrier  concentration,  including  that  of  the 

AlGaAs  donor  layer,  vs  gate  bias  ( — )  before  irradia¬ 
tion  and  (•  •  )  after  a  dose  of  10’ rad  gamma  rays 
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and  drain  contacts.  The  enhancement  factor  can  be  as  high  as 
21  [55].  The  decrease  of  Ns  is  much  larger  than  the  one  obse- 
I'ved  in  the  I-V  and  I-T  characteristics,  about  11%  and  3%  re¬ 
spectively.  Another  feature  of  the  Na -V  characteristics  is 
the  shift  of  the  threshold  voltage  towards  more  positive  va¬ 
lues  which  is  in  contradiction  with  the  shift  of  the  HEMT 
threshold  voltage. 

Mobility  degradation 

The  efficiency  of  the  screening  effect  on  carrier 
scattering  was  further  investigated.  The  dependence  of  the 
device  drift  mobility  on  the  sheet  carrier  concentration  was 
determined  at  various  radiation  doses. 


Fig. 48  Dependence  of  mobility  on  sheet  carrier  concentration 

( - )  before  irradiation  and  (• • • )  after  a  dose  of 

10’ rad  r~rays 
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Typical  u-Ns  characteristics,  obtained  for  several  ra¬ 
diation  doses  are  persented  in  Fig. 48.  A  common  feature  of 
the  pi-Ns  characteristics  is  that  the  mobility  increases  with 
increasing  Ns  and  this  is  due  to  the  effect  of  gradual  in¬ 
crease  of  screening.  The  results  from  HEMTs  with  conventional 
buffer  layers  showed  an  average  decrease  of  about  16%  at  u-max 
and  from  those  with  an  additional  AlGaAs  buffer  layer  a  de¬ 
crease  of  about  19%  at  p,max.  This  indicates  that  the  intro¬ 
duction  of  an  additional  AlGaAs  buffer  layer  does  not  improve 
the  device  radiation  hardnes  from  the  point  of  view  of  car¬ 
rier  mobility. 

The  variation  of  carrier  mobility  and  concentration 
with  radiation  dose  leads  to  the  conclusion  that  for  a  total 
radiation  dose  of  10’ rad  the  device  channel  conductance  would 
decrease  by  more  than  35%,  This  discrepancy  may  be  attributed 
to  an  increase  of  surface  states  which  further  increase  the 
device  surface  leackage.  This  is  supported  by  the  fact  that 
the  drain-gate  leackage  cvurrent  does  not  increase  linearlly 
with  the  Vds  bias  hence  the  surface  current  is  more  prominent 
when  the  device  operates  in  the  linear  region.  In  addition 
the  modulation  efficiency  of  the  surface  leackage  current  is 
low  so  its  contribution  to  the  Gm  characteristics  is  also 
low.  The  effect  of  increase  of  surface  leackage  current  w’ith 
the  radiation  dose  is  expected  to  increase  even  more  in  pas¬ 
sivated  devices  due  to  charge  traping  in  the  insulating  coa¬ 


ting. 
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Series  Resistance  degradation 

As  already  mentioned  we  assume  that  the  series  resista¬ 
nces  of  HEMTs  are  ohmic  and  the  study  is  limited  on  the  data 
obtained  from  the  linear  region  of  operation.  The  variation 
of  the  normalized  source  resistance  of  each  structure  used  in 
this  project  was  found  to  vary  almost  logari thmicaly  with  the 
radiation  dose  and  described  by  an  empirical  equation 

ARs 

-  =  m-  DO  •  2  1 

Rs  o 

where  m  is  a  factor  (-0.0032)  which  exact  value  depends  on 
the  device  growth  and  process.  The  power  law  relation  indica¬ 
tes  that  the  dominant  mechanism  of  the  series  resistance  de¬ 
gradation  is  rather  the  carrier  removal  than  the  decrease  of 
mobility.  Here  it  must  be  pointed  that  the  large  value  of 
power  law  factor,  relatively  to  those  of  Vp  and  Na  as  will  be 
presented  bellow,  must  be  attributed  to  the  complex  structure 
of  the  two  underlying  hetero junctions . 

The  above  empirical  equation  fits  well  to  the  experi¬ 
mental  data,  reported  by  O’Loughlin  (fig. 4  of  Ref.3),  of  the 
series  resistance  variation  with  radiation  dose.  In  these  da¬ 
ta  the  radiation  dose  was  extended  up  to  about  10® rad  and  the 
empirical  equation  becomes 

ARs 

-  =  0.0039D°-2“ 

Rs  o 

which  is  extremely  good  agreement  with  the  above  one.  There¬ 
fore  we  can  conclude  that  the  degradation  of  series  resistan¬ 
ce  in  HEMTs,  upon  yray  irradiation  and  up  to  10®  rad,  is  go- 
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verned  by  a  power  law  relation. 

Charge  Control  Model 

In  order  to  study  the  gamma  rays  radiation  effects  in 
HEMTs  we  have  used  again  the  charge  control  model  described 
in  the  previous  chapters  and  which  which  works  satisfactory 
for  carrier  concentrations  bellow  about  SxlO^^cm'^.  a  fitting 
of  the  experimental  data  allows  the  calculation  of  two  radia¬ 
tion  dependent  paramemeters ,  that  is:  the  pinch-off  voltage 
and  the  net  acceptor  concentration  in  the  buffer  layer.  Any 
radiation  induced  charges  in  tha  spacer  layer  or  the  hetero- 


Fig.49  Dependence  of  the  <I>b-AEc-Vp,  which  represents  the 
AlGaAs  pinch-off  voltage,  on  the  radiation  dose  of 
(+)  structure  A  and  (*)  structure  B. 

Junction  interface  are  accounted  in  the  pinch-off  voltage. 

The  effect  of  alpha  particle  radiation  dose  on  (C>b-AEc- 
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Vp  )  and  the  buffer  layer  net  acceptor  concentration  Na  are 
presented  in  Fig. 49  and  Fig. 50  respectively. 

The  parameter  ( Ob -AEc -Vp  )  is  directly  related  to  the 
net  donor  concentration  of  the  AlGaAs  donor  layer,  since  AEc 
and  Ob,  are  not  affected  by  r-ray  radiation.  In  all  devices 
the  Ob -AEc -Vp  parameter  was  found  to  increase  non  linearly 
with  the  radiation  dose.  If  we  assume  that  a  similar  power 
law  equation  holds  for  the  carrier  removal  in  the  AlGaAs  do¬ 
nor  layer,  we  find 

AN 

—  =  3x10-3  D“ • 1 13 

No 


Fig. 50  Buffer  layer,  equivalent,  net  acceptor  concentration 
Na  per  unit  area  vs  radiation  dose:  (+)  for  structure 
A  and  (♦)  for  structure  B. 

where  No  is  the  background  doping  which  in  in  our  case  is 
about  2x101® cm- 3,  xhe  above  empirical  relation  denotes  a  very 
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slow  varying  carrier  removal  w’ith  the  radiation  dose.  This 
behavior  may  be  attributed  to  introduction  of  a  shallow  donor 
lev'el  such  as  in  the  case  of  GaAs.  Therefore  the  simultaneous 
doping  with  the  carrier  removal  in  both  the  donor  and  the 
spacer  layers  causes  a  smaller  decrease  of  net  donor  concen¬ 
tration.  At  a  radiation  dose  of  10’ rad  the  net  donor  concen¬ 
tration  decreases  by  about  2%,  so  the  shift  of  threshold  vol¬ 
tage  level  must  be  attributed  to  the  decrease  of  net  acceptor 
concentration  in  the  buffer  layer  and  the  shift  of  the  Fermi 
level . 

The  net  acceptor  concentration  in  the  GaAs  buffer  layer 
is  presented  in  Fig. 50.  The  acceptor  concentration  decreases 
with  radiation  due  to  introduction  of  of  deep  donors  which 
turn  the  lightly  p-type  buffer  layer  into  a  more  intrinsic 
one.  The  net  acceptor  removal  in  the  GaAs  buffer  layer  was 
found  to  be  described  by  the  empirical  equation 

ANA(cm-2)  =  1.06x1010  D®  •  i  8 

while  in  the  case  of  structure  B  where  an  AlGaAs  buffer  layer 
was  used,  the  empirical  equation  is 

ANA(cm-2)  =  1.84x1010  po.oe 

which  shows  the  effect  of  the  buffer  layer  structure  on  the 
radiation  hardness  of  the  HEMT.  The  smaller  power  law  factor 
in  the  case  of  structure  B  can  be  attributed  to  an  increase 
of  negative  hetero-interface  charge  in  the  buffer  layeras 
observed  in  the  case  of  He  ion  radiation. 

The  adopted  charge  control  model  results  show  a  decrease 
of  both  donor  and  acceptor  concentrations  thus  supporting  the 


98 


hypothesis  that  the  apparent  increase  of  I-V  characteri-st ics 
threshold  voltage  is  caused  by  surface  leackage  curren.  This 
is  because  the  4>b -AEc -Vp  and  Na  parameters  were  obtained  from 
the  C-V  characteristics  measured  at  IMHz  where  the  lea-kage 
current  does  not  affect  the  measurements.  Effects  originating 
from  the  surface  during  yray  radiation  have  been  reported  by 
M.J.  O’Linghin  [3]  who  ascribed  the  anomalous  degradation  of 
some  HEMT  devices  to  surface  chemical  reactions  induced  by 
radiation . 

5.4  Comparison  with  MESFETs 

The  effect  of  Y~ray  radiation  on  HEMTs  was  further  com¬ 
pared  to  that  on  MESFETs.  The  comparison  of  radiation  har¬ 
dness  of  2D  and  3D  devices  included  devices  with  GaAs  and 
AlGaAs  buffer  layers.  The  comparison  was  limited  on  the  va¬ 
riation  of  the  threshold  voltage  and  the  source  series  resis¬ 
tance  with  the  radiation  dose,  sice  these  parameters  affect 
significantly  the  device  performance.  All  MESFETs  were  found 
to  follow  the  general  empirical  equation 

AX 

—  =  m-  D*» 

Xo 

where  the  parameter  Xis  either  the  series  resistance  or  the 
threshold  voltage  and  m  and  b  are  fitting  parameters. 

In  MBE  MESFETs,  studied  in  our  laboratory  [15],  the 
fitting  parameters  were  found  to  be  mR=1.5xlO**  and  bp =0.397 
for  the  series  resistance  and  mth=9.8xl0"5  and  bth=0.373  for 
the  threshold  voltage.  A  comparison  of  the  power  law  factors 
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shows  that  in  MESFETs  they  are  much  larger  than  in  HEMTs 
( mR  =3 . 2x10"  3  ,  bR=0.21,  mth=3xl0“3,  bth=0.113)  thus  indicating 
that  HEMTs  are  more  radiation  hard  than  MESFETs  when  they  are 
subjected  to  y-ray  radiation. 

5 . 5  Conclusions 

The  gamma  ray  induced  degradation  of  HEMTs  is  almost  ne¬ 
gligible  compared  to  that  of  He  ions  and  neutrons.  The  main 
effects  of  y-ray  radiation  can  be  summarised  bellow 

*  Gamma  ray  radiation  generates  0.6MeV  Compton  electrons 
which  displace  atoms  in  HEMT  layers. 

*  The  atom  displacement  increases  of  heterointerface  rou-  , 
ghness  that  degrades  both  the  2DEG  mobility  and  satura¬ 
tion  velocity 

*  The  main  electron  traps  induced  in  GaAs  by  y-rays  are 
the  E3  one  and  a  shallow  donor  about  Ec-20meV.  In  a  si¬ 
milar  way  a  shallow  donor  and  deep  traps  seems  to  be  in¬ 
troduced  in  the  AlGaAs  layer  although  that  was  not  dete¬ 
cted  by  DLTS  or  other  method. 

*  Radiation  decreases  the  2DEG  density  due  to  the  decrease 
of  the  donor  layer  effective  doping 

*  Gamma  ray  irradiation  shifts  the  device  threshold  volta¬ 
ge. 

-  The  contribution  of  the  buffer  layer  to  the  shift  of 
the  threshold  voltage  is  attributed  to  the  decrease  of 
effective  acceptor  density. 

-The  contribution  of  the  donor  layer  to  the  shift  of 
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the  threshold  voltage  is  attributed  to  the  decrease  of 
donor  layer  effective  doping. 

*  The  device  performance  is  degraded  due  to  increase  of 
series  parasitic  resistances.  The  variation  of  series 
resistance  with  radiation  dose  seems  to  obey  a  power  law 
relation 

*  The  introduction  of  an  AlGaAs  buffer  layer  seems  to  im¬ 
prove  the  device  radiation  hardness 

*  Gamma  ray  radiation  increase  surface  leakage  in  some 
devices  resulting  in  an  apparent  increase  of  threshold 
voltage . 

*  Finally  a  comparison  of  radiation  hardness  shows  that 
HEMTs  are  more  resistant  than  MESFETs  to  gamma  rays  ra¬ 


diation. 
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6  CONCLUDING  REMARKS 

The  present  report  investigates  the  effect  of  radiation 
on  HEMTs .  Both  particle  and  electromagnetic  radiations  were 
used.  The  particle  radiation  consisted  of  either  He  ions  or 
neutrons  while  the  electromagnetic  one  consisted  of  gamma 
rays.  Several  structure  HEMTs  we  employed  in  order  to  deter¬ 
mine  the  best  one  for  optimum  radiaiton  hardness.  The  study 
was  furthere  extended  on  MESFETs  in  order  to  compare  the  ra¬ 
diation  hardness  of  the  2D  and  3D  electron  gass  devices.  The 
radiation  effects  in  HEMTs  can  be  summarised  bellow; 

♦  Radiation  induces  defects  due  to  atom  displacement.  The 
defects  are  complex  ones  in  the  case  of  He  ion  and  neu¬ 
tron  radiation  while  they  are  point  defects  in  the  case 
of  gamma  ray  irradiation.  The  defects  can  be  easily  de¬ 
tected  in  GaAs  by  means  of  DLTS  method  while  in  AlGaAs 
this  is  possible  under  neutron  radiation. 

*  The  defects  remove  free  carriers  decreasing  the  net  do¬ 
ping  concentration  in  all  layers  thus  turning  them  into 
more  intrinsic  ones  and  shifting  the  Fermi  level  towards 
hiidgap.  This  effect  decreases  the  electric  field  inten¬ 
sity  at  heterointerface  and  lowers  the  subbands  in  the 
triangular  quantum  well.  The  simultaneous  lowering  of 
the  subbands  and  the  Fermi  level  throughout  the  structu¬ 
re  leads  to  a  decrease  of  electron  density  in  the  quan¬ 
tum  well  which  in  the  case  of  a  HEMT  causes  a  shift  of 
threshold  voltage  towards  more  positive  voltages. 


102 


*  The  introduction  of  an  AlGaAs  buffer  layer  does  not  seem 
to  improve  significantly  the  structure  radiation  hard¬ 
ness  because  the  threshold  voltage  is  mainly  determined 
by  the  shift  of  the  AlGaAs  donor  layer  pinch-off  volta¬ 
ge. 

*  The  introduction  of  a  low  temperature  grown  AlGaAs  donor 
layer  increases  significantly  the  structure  radiation 
hardness  due  to  the  presence  of  background  defects  in¬ 
troduced  during  growth. 

*  Radiation  increases  the  density  of  heterointerface  sta¬ 
tes  and  the  interface  roughness  which  furthere  increases 
the  scattering  rate  and  decreases  both  the  carrier  mobi¬ 
lity  and  saturation  velocity. 

*  The  introduction  of  a  low  temperature  grown  AlGaAs  donor 
layer,  although  it  degrades  the  carrier  mobility  and  sa¬ 
turation  velocity,  decreases  significantly  the  mobility 
and  saturation  velocity  degradation,  almost  by  a  factor 
of  two  in  the  case  of  He  ion  radaition. 

*  An  important  degradation  parameter  in  HEMTs  is  the  para¬ 
sitic  series  resistance.  This  depends  strongly  on  the 
AlGaAs  donor  layer  and  quantum  well  heterointerface  qua¬ 
lity  so  the  use  of  a  low  temperature  grown  AlGaAs  donor 
layer  enhances  the  series  resistance  radiation  tolerance 
while  the  buffer  layer  structure  doe  not  affect  it. 

*  Finallly  MBE  MESFETs  are  less  radiation  hard  than  HEMTs 
excluding  those  which  structure  consists  of  a  highly  do¬ 
ped  cahnnel  grown  on  a  LT  buffer  layer  which  are  as  hard 
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as  KEMTs. 

In  conclusion  the  radiation  hardness  of  HEMTs  does  not 
seem  to  depend  on  the  buffer  layer  structure.  The  buffer 
layer  structure  deminishes  the  device  response  to  ionizing 
radiation  transients.  An  important  parameter  that  increases 
the  HEMT  radiation  hardness  is  the  replacement  of  the  conven¬ 
tional  AlGaAs  buffer  layer  with  one  grown  at  temperatures  si¬ 
milar  to  these  used  in  GaAs  PM-HEMTs .  This,  independently  of 
its  consequences  on  the  device  initial  performance,  seems  to 
enhance  the  devices  radiation  tolerance  by  a  factor  of  two  to 
four.  A  similar  effect  is  observed  in  MBE  MESFETs  when  their 
channel  is  hifghly  doped  and  grown  on  a  LT  buffer  layer.  The¬ 
se  structures  exhibit  a  radiation  hardness  similar  to  that  of 
HEMTs. 
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